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Leucine (LEU) is an essential amino acid (AA), that has aliphatic side chains as do 
valine (VAL) and isoleucine (ILE). They are known as branched chain amino acids 
(BCAA). Pigs fed practical diets with vegetable proteins formulated to meet the 
requirements for the most limiting AA have an excess of LEU. This concentration of 
LEU in practical diets is known not to have detrimental effects on growth performance in 
swine. However, because excess LEU has been shown to have detrimental effects on the 
immune response of murine, poultry and ruminants, it was of interest to determine 
whether concentrations of LEU encountered in practical swine diets would be 
immunosuppressive. 
Explanation of the Dissertation Format 
This dissertation consists of a literature review that discusses nutrients as they affect 
the immune response in swine, mechanisms of BCAA metabolism, and the LEU 
requirements of pigs. It is followed by a paper to be submitted to the Journal of Animal 
Science, four appendixes describing laboratory procedures, statistical analysis, nutrition 
and immune response in pigs summary tables and figures. Finally, an overall summary 
and a list of references used in the literature review is included at the end of this 
dissertation. The paper has been written according to the journal style. The senior 
author of this paper is Ramon Gatnau, who was involved in the design, execution. 
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laboratory analysis, statistical analysis of the data and writing of the paper under the 





There is a continuing interest among nutritionists and immunologists on the 
relationship of nutrition and disease and more particularly, the interaction between 
nutrition and immune function. Several reviews of literature have been published on 
effects of different nutrients on the immune function (Beisel, 1982; Chandra, 1988; Gross 
and Newbeme, 1980; Gershwin et al., 1985; Chandra, 1991), the effects of immune 
activation on nutrient requirements (Beisel, 1977; Powanda, 1977), the effects of growth 
on immune function (Halliday, 1980) and the historical developments of nutrition and 
immune function (Beisel, 1992). The changes in nutritional requirements as the immune 
system is activated are believed to be mainly due to the effects of cytokines, which are 
small hormone-like peptides secreted primarily, but not exclusively, by cells of the 
immune system. They have potent effects on growth and metabolism which have been 
extensively reviewed (Klasing, 1988b; Grimble 1989; Meydani, 1990; Grimble 1990; 
Klasing and Johnstone, 1991a). 
Fewer reviews have concentrated on the effects of nutrition on immune function in 
animal production (Nockels, 1986; Reddy and Frey, 1990; Santomâ, 1991; Klasing, et 
al., 1991). There is just one published literature review on effects of nutrition on swine 
immune function (Kelley and Easter, 1991). 
This review of literature will concentrate mainly on three areas: the effects of 
nutrients on pig immune function, branched chain amino acid (BCAA) metabolism, and 
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leucine (LEU) requirements for the weanling pig. 
Nutrition and Immune Response in the Pig 
This dissertation includes an appendix that summarizes the published literature on 
nutrition and immune response in pigs (Appendix C). 
Energy 
Although numerous studies have been conducted on the effects of protein-energy 
malnutrition on the immune function in humans, no studies have been conducted in swine 
and other food-producing animals. 
Protein 
There are few studies on the effects of protein on the immune function of swine and 
they do not cover all production stages. It is well documented that immune stimulation 
causes significant changes in nitrogen metabolism of chicks by changing amino acid (AA) 
pool sizes in different tissues. There is an increased rate of protein breakdown in muscle 
and an increased rate of protein synthesis in organs of the immune system that might be 
directed to support immune function (Klasing and Austic 1984a,b,c). Those changes 
have not been demonstrated in pigs. It would seem logical that they should be very 
similar, but it would be interesting to study them nonetheless. 
The sequence of dietary protein concentrations fed to gestating and lactating sows had 
no effects on antibody response or serum immunoglobulin (Ig) concentrations (Haye et 
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al., 1981). In weanling pigs, increasing dietary protein concentrations from 0 to 35% 
caused a linear increase in the antibody response to Salmonella pullomm (Mc Gillivray 
1967). Information is lacking for growing and finishing pigs. 
Amino Acids 
Because A A are the components of protein, it seems plausible that they play a key 
role in antibody production because the immune response itself consists of a series of 
protein syntheses, such as antibodies and cytokines. Austic et al. (1991) recently 
reviewed the literature on the subject. Considerable research efforts have been devoted 
to study the effects of individual AA upon the immune response. Most researchers have 
used rodents as the animal model and have studied both humoral and cellular immune 
response. The diets typically have had either deficient or excessive amounts of a 
particular AA, Because the effect of AA on immune function is a central point in this 
research project, not only experiments conducted with pigs are reported, but also those 
with other animals. Very little research has been conducted to understand the 
mechanisms whereby AA affect the immune response. 
Aliphatic Amino Acids The most studied A A in this group have been the BCAA. 
For a summary of the effects of BCAA on the immune function see Appendix C. Excess 
of dietary LEU has been implicated with pellagra in humans (Gopalan, 1969; Rao, 1972), 
which is caused by low dietary nicotinic acid. The effects are due to interference with 
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enzymes of the tryptophan pathway to nicotinic acid (Hankes et ai. 1971). 
Most of the detrimental effects of excess dietary LEU on immune function in murine 
species have been demonstrated by feeding low levels of dietary protein. The effects of 
those diets (high LEU and low protein) consisted of a decrease in spleen rosette forming 
cells, spleen plaque forming cells, hemagglutinins, hemolysins, thymus weight, and 
spleen weight (Chevalier and Aschkenasy, 1977). The detrimental effects of high LEU 
on immune function were corrected with the addition of low levels of valine (VAL) and 
isoleucine (ILE) (Aschkenasy, 1964, 1966a,b, 1975, 1979; Jose and Good, 1973a). 
Similar research has been conducted with food-producing animals. In broilers, 
excess of dietary LEU caused a decrease in IgM and IgG production against heterologous 
sheep red blood cells that paralleled the decrease seen in growth (Tinker and Gous, 
1986). Low levels of VAL in chickens infected with Newcastle disease virus proved to 
have the same deleterious effects that they had in rats (Bhargava et al., 1970). Later 
studies with growing sheep fed diets supplemented with very low (0.05 %) ruminally-
protected LEU showed similar effects on humoral immune function against heterologous 
red blood cells. Conversely, feeding identical percentage of a-ketoisocaproate (KIC), the 
first catabolite of LEU, increased the humoral immune function to identical immunogens 
(Kuhlman et al., 1987, 1988), and increased lymphocyte blastogenesis to different 
mitogens (Nissen et al., 1986; Flakoll et al., 1987). Further research indicated that 
sheep fed identical diets had different percentages of lymphocyte subsets and sheep fed 
LEU had lower peripheral lymphocyte proliferative responses (Kuhlman et al., 1991). 
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But these immunostimulatory effects were not seen in broiler chickens (Beyer et al., 
1992). 
Cycloleucine, an unnatural nonmetabolizable LEU derivative, is known to have 
immunosuppressive effects in rodents (Rosenthale et al., 1972). 
The effects of AA on peripheral lymphocyte cultures have been studied in vitro. 
Those studies demonstrated that supplementation with the LEU derivative B-hydroxy-B-
methyl-butyrate (HMB) increased ovine proliferative response by 100%, fi-hydroxy-
butyrate (BOHB) enhanced it by 50%, and a-ketoisocaproate (KIC) and i so valerate did 
not enhance lymphocyte proliferation (Kuhlman, 1989). The immunostimulatory effects 
of HMB were not seen in vivo in sheep (Tayllerand, 1993). Leucine was necessary for 
bovine lymphocyte proliferation and IgM production by mitogen-stimulated bovine 
lymphocytes. The LEU catabolite a-ketoisocaproate, but not HMB and B-hydroxy-B-
methyl-glutamate (HMG), can partially replace LEU for these functions (Nonnecke et al., 
1991a,b). Acetate, acetoacetate, and glucose, which are end products of BCAA 
catabolism, did not alter bovine lymphocyte proliferation at concentrations occurring in 
physiological conditions (Franklin et al., 1991; Nonnecke et al., 1992). But, levels of 
acetate associated with ketosis suppressed lymphocyte proliferation. 
Enzymes that degrade AA have been reported to reduce in vitro PHA-induced 
lymphocyte proliferation (Chuang et al., 1990a). Among those enzymes, the most 
detrimental have been lysine carboxylase, asparaginase, arginase, and tyroxinase, but 
LEU dehydrogenase only decreased human lymphocyte proliferation by approximately 20 
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% (Chuang et al., 1990b). But the extrapolation of these in vitro data to whole body 
metabolism is quite difficult. 
Dietary VAL deficiency has proven to have one of the most detrimental effects on 
immune function in rats. Aschkenasy (1975) reported than with just 1 wk of VAL 
deficiency, rats were neutropenic and lymphopenic in both peripheral lymphocytes, as 
well as in digestive tract lymphocytes. Jose and Good (1973a) reported decreased 
antibody titers in 5-wk-old mice deficient in VAL. Petro and Bhattacharjee (1981) 
reported increased susceptibility to Salmonella typhimurium in mice when fed diets 
deficient in VAL. Less detrimental, yet similar effects to that of a VAL deficiency were 
reported by the same authors with an ILE deficiency. 
Cuaron et al. (1984) working with first-litter gilts and sorghum-soybean meal diets 
(12 % CP) with addition of lysine, threonine, or both reported that threonine, but not 
lysine was the first limiting AA for IgG production. 
To my knowledge, no studies have been conducted in pigs on glycine and alanine 
related to the immune response. 
Basic Amino Acids Limitation of lysine for a short period of time (3 wks) in mice 
caused an increase in susceptibility to Salmonella typhimurium, but no effects were 
detected on in vivo or in vitro phagocytosis or bactericidal kinetics against the same 
microorganism (Petro and Bhattachaijee, 1981). Kenney et al. (1970) reported no 
beneficial effects on immune response of adding lysine in diets for young growing rats. 
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These results agree with the observation reported by Mc Gillivray (1967) in weanling 
pigs that the optimal lysine level for growth might be higher than that for maximal 
immune response. 
Limitation of arginine caused a slight depression in the immune response in rats (Jose 
and Good, 1973a). Data reported by Reynolds et al. (1988) indicate that dietary arginine 
supplementation enhanced cytotoxic T-lymphocyte development, natural killer cell 
activity, and T-cell receptor activity. In vitro incubation for 72 h with arginine 
supplementation enhanced natural killer cell activity and T-cell activation. Ronnenberg et 
al. (1991) and Torre et al. (1993) failed to demonstrate immune enhancing effects in 
young, old or lipopolysaccharide stressed rats by dietary arginine supplementation. 
Hibbs et al. (1987) reported that L-arginine, but not D-arginine, is required for 
macrophage cytotoxic effector mechanism expression. Sung et al. (1991) demonstrated 
that there is an association between L-arginine concentration and production of nitrogen 
intermediates by chicken macrophages. 
Histidine deficiency has proved to be detrimental to the humoral immune response 
(Jose and Good, 1973a). 
Aromatic Amino Acids It has been clearly demonstrated than tryptophan 
deficiency impaired the ability of mice and rats to synthesize antibodies against different 
antigens (Gershoff et al., 1968; Kenney et al., 1970; Jose and Good, 1973a,b). 
Conversely, Ludovici and Axelrod (1951) failed to obtain increased antibody titers in rats 
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fed diets supplemented with tryptophan. 
There is consistent evidence that phenylalanine deficiency causes depression of the 
immune response (Gershoff et al., 1968; Jose and Good, 1973a; Coovadia and Soothill, 
1976). Norris et al. (1990) indicated that dietary tyrosine deficiency decreased platelet 
aggregation and increased natural killer cell activity, which are typical signs of decrease 
of tumor growth and metastasis. 
Sulfur Containing Amino Acids Methionine has been studied intensively. Early 
deficiency of methionine has been demonstrated to be detrimental to a normal 
development of the immune function in rats (Newbweme and Wilson, 1972; Newbeme 
and Gebhardt, 1973; Williams et al., 1979). However, in those studies the subjects 
(rodents), were fed diets deficient in methionine, choline and vitamin Bg, which 
obviously prevents us from attributing the effects to just one of the nutrients. Marginal 
methionine, choline and vitamin Bg deficiency during gestation and lactation together 
were more detrimental to the cellular and humoral immune function than the deficiencies 
in either gestation or lactation alone (Williams et al., 1979). Excesses of methionine 
proved to be detrimental to the humoral immune response in rodents (Gill and Gershoff, 
1967; Kenney et al., 1970) and in pigs (Van Heughten et al., 1992). But Gershoff 
(1968) failed to detect those detrimental effects. The requirement of methionine for 
growth might not be the same as that required for maximal immune function. Tsiagbe et 
al. (1987b) demonstrated in broiler chickens that the methionine requirement for optimal 
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IgG production and PHA-stimulated lymphocyte proliferation was higher than that for 
growth. The different requirement for growth than for immune function reaffirmates the 
necessity for a more broad definition of AA optimal level and perhaps demands more 
openness to the concept of essential AA for different functions, as discussed by Visek et 
al. (1984). Methionine, as it has been documented for growth, can be partially 
substituted by cysteine for antibody production (Tsiagbe et al., 1987a). Methionine 
oxidation plays an important role in the mechanism by which human polymorphonuclear 
cells kill microorganisms (Tsan and Chen, 1980). A well regulated supply of cysteine 
has proved to be crucial for human immunodeficiency virus (HIV) patients because it 
provides an optimal balance of proxidant and antioxidant effects (Droge et al., 1992). 
Amide Side Chain Amino Acids Distasio et al. (1977) reported that L-
asparaginase, isolated from Vibrio succinogenes (Distasio and Niederman, 1976), had 
antitumoral effects in rats, which were associated with increased cellular immune 
response. 
Hypersensitivity 
Intestinal hypersensitivity has been intensively studied in swine. Porter and Barrat 
(1987) and Sissons (1989) published two reviews in which they concentrated on etiology, 
as well as on different ways to solve the growth offset suffered by young animals. The 
etiology of this syndrome has been attributed to a transient intestinal hypersensitivity to 
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dietary proteins. 
Pigs exposed to hydrolyzed bovine casein before weanling had a delayed diarrhea 
onset that was less severe than that in pigs exposed to non-hydrolyzed bovine casein that 
was considered more antigenic by Miller et al. (1984a,b). Li et al. (1990) demonstrated 
that feeding soybean protein to weanling pigs caused a detrimental effect on both 
intestinal mucosa morphology and function. Ratcliffe (1986) demonstrated that 
gnotobiotic pigs fed diets containing soybean meal had no differences in intestinal mucosa 
sucrase, maltase, and lactase activity, but reported differences in intestinal mucosal 
morphology. Those findings, according to the authors, suggest that the detrimental 
effects observed in pigs fed soy protein are due to a concomitant intestinal infection and 
not hypersensitivity. 
The exposure to diets before weaning to ameliorate the hypersensitivity, was reported 
to not have a clear beneficial effect on growth performance by Giesting et al. (1985). 
But, in normally raised weanling pigs, the exposure to 6 g of soybean protein per day for 
5 days caused detrimental effects in intestinal morphology, as well as function as 
demonstrated by a higher intestinal absorption of xylose (Li et al., 1991a). Those 
researchers (Li et al., 1991b) failed to establish a good correlation between epidermal 
delayed-type hypersensitivity, gut morphology, gut function, and growth performance. 
The concern was raised that the decrease in performance could hamper the immune 
function in young pigs fed soybean proteins. But, as demonstrated by Crenshaw et al. 
(1986) and Bamett et al. (1989), this seems not to be the case. Results by Cera et al. 
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(1989), however, indicated that pigs weaned onto diets with high soybean content had 
more diarrhea and lower lymphocyte count. 
A great amount of research has been conducted on product development to eliminate 
the detrimental effects of hypersensitivity. Alcohol extraction (Sissons et al., 1982), 
especially when insufficiently heated (Hancock et al., 1990a,b) and extrusion (Li et al., 
1992) proved to ameliorate the effects caused by soybean proteins on piglet growth and 
intestinal function. 
Fat 
Fatty acids are believed to play an important role in the immune response because 
they are key components of cell membranes. Thus, they affect the function of receptors 
located on the membrane of immune system cells which are crucial in the coordination of 
the immune function. 
Although different types of fats are added to swine diets, very little research has been 
conducted on the effects of those different types of fats on pig immune response. Fish 
oil and animal fat seem not to be detrimental on young pig humoral immune response 
(Fritsche and Huang, 1990). There were no substantial effects of feeding sows with 
sunflower oil instead of animal fat on the immune response of the sow, the suckling pig, 
and the weanling pig (Babinzsky et al., 1991). The different fat sources did not 
consistently affect any of the immune parameters studied. Similar results were reported 
by Yen et al. (1992) when feeding sows with soybean oil, tallow, lard, or sugar. 
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Vitamins 
Vitamin A Vitamin A deficiency has been associated with increased susceptibility 
to disease. The immune-enhancing effects of vitamin A are believed to be because of its 
antioxidant and singlet oxygen-quenching capabilities (Bendich, 1991) and its role, 
together with that of fl-carotene, on host defense mechanisms. These functions have been 
reviewed recently (Chew, 1987). Even though there have been numerous studies in cattle 
and chickens on the effects of vitamin A supplementation, little work has been carried out 
in pigs. 
Earlier work by Harmon et al. (1963) clearly indicated that pigs fed low levels of 
vitamin A responded less to antigenic challenges with Salmonella pullomm than pigs fed 
diets with adequate levels of vitamin A. Those effects were corrected when pigs were 
repleted with vitamin A. In their experiments, there was a high correlation between 
plasma vitamin A level and antigenic titer. 
Recent work by Chew et al. (1991a,b) with growing pigs indicated that 
intramuscularly injected B-carotene, a precursor of vitamin A, has a different pattern of 
concentration in lymphocytes than it does in plasma, erythrocytes, or neutrophils. The 
lymphocytic subcellular distribution of it, indicates that B-carotene might play a role in 
cytoplasm, due to the tendency to concentrate in mitochondria and microsomes. 
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Vitamin E The immune stimulatory effects of vitamin E are believed to be 
because it is a free radical scavenger and has a regulatory role in prostaglandin synthesis, 
thromboxane, leukotriene, and Cortisol. Vitamin E and selenium, when fed for a period 
of 12 weeks, had a stimulatory effect on immune response, but no interaction was 
detected between the nutrients (Larsen and Tollesrud, 1981). Results reported by 
Peplowski et al. (1981) suggest that vitamin E and selenium had an immunostimulatory 
effect in weanling pigs immune function to sheep red blood cells (SRBC), but their 
effects showed no interaction. Their experiments, however, lasted only half the time of 
those of Larsen and Tollesrud (1981). Later work by Blodgett et al. (1989) indicated no 
effects of selenium supplementation to sows on immune function against keyhole limpet 
hemocyanin in weanling pigs. Prepartum injection of sows with vitamin E, selenium, or 
both increases IG transfer to their progeny (Hayek et al., 1989). 
Bonnette et al. (1990a,b) reported no effects of age, temperature, or vitamin E on 
humoral and cellular immune function in weanling pigs. The authors noticed, however, 
that pigs weaned at 35 d of age had a higher primary immune response than those 
weaned at 21 and 28 d of age. Dove and Ewan (1991) reported no effects on antibody 
formation in growing pigs with the addition of «-tocopherol acetate to diets. 
Biotin Increasing levels of biotin (0, 220, 440, 880 ppb) fed to weanling pigs 
caused quadratic increases (P < .01) in humoral and cellular immune response 
(Komegay et al., 1989). 
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Vitamin C Unlike primates, pigs are able to synthesize vitamin C. There have 
been extensive research reports on its effects in protecting primates from disease. Thus, 
there has been some concern that vitamin C could play a role in protecting pigs from 
disease incidence. However, research by Yen and Pond (1987) indicated otherwise. 
Other Vitamins Information on other vitamins is lacking, except for pantothenic 
acid, pyridoxine and riboflavin. Harmon et al. (1963) reported that pigs fed milk 
replacer diets or weanling diets deficient in any of the three cited vitamins had lower 
antibody titers to Salmonella pullorum and human red blood cells than pigs fed control 
diets. They also reported that the effects were overcome when they were repleted. 
Minerals 
Unlike in other species, very little research has been conducted in pigs to study the 
relationship of mineral nutrition with immunologic function. Other than the selenium and 
vitamin E effects on immune response, scarce research efforts have been devoted to the 
relationship between swine immune response and minerals. 
Copper Because copper has been widely used as a growth promotant, there has 
been interest on its effects on the immune response of pigs. Two studies (Kornegay et 
al., 1989 and Dove and Ewan, 1991) indicated that copper supplementation of diets 
caused no effects on antibody production in weanling or growing pigs. 
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Iron The relationship between anemia and iron has been well established in the 
pig. This problem has been aggravated by the fact that modern pig production has 
tended to be in confinement, thus preventing access of piglets to iron sources. Osborne 
and Davis (1968) linked the withholding of iron for 28 days after birth to an increased 
susceptibility to bacterial endotoxin. Recent work by Sells et al. (1991) indicates that 
supplementation with iron causes no effect on cellular and humoral immune response in 
pigs. 
Selenium Most of the research conducted with selenium and immune response in 
swine has been linked to vitamin E and already covered in that chapter. Teige et al. 
(1984) indicated that selenium plays a role in intestinal immunity against Treponema 
hyododysenteriae and can decrease its incidence at doses of .4 mg/d. Results from 
experiments reported by Blodgett et al. (1989) showed no advantage in both humoral or 
cellular immune response of feeding .9 ppm versus . 1 ppm to gestating sows. 
Zinc Miller et al. (1968) reported that zinc deficiency caused a severe decrease in 
growth performance, moderate decrease in the percentage of lymphocytes and a moderate 
increase of IG. 
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Immunoglobulin Feeding 
Pigs have an epitheliocorial placentation, which means that they are born devoid of 
IGs and are dependant on the sow's colostrum and milk IG in the earlier stages of their 
lives. Therefore, there has been an ongoing interest in adding IG to feeds and milk 
replacers to be able to wean at younger ages and protect the weanling pig longer. It is 
possible to raise pigs with milk replacers supplemented with IG that have been derived 
from the abattoir and obtain performance similar to that of pigs that have been sow 
reared (Perry and Lecce, 1968; Whiting et al. 1983; Varley et al., 1987). 
Similar growth performances have been obtained with IG supplementation from 
different species (porcine, bovine, or equine) as data from Mc Galium et al. (1977) and 
Varley et al. (1986) indicate, with IG supplementation from different origin (abattoir 
derived versus herd derived) as reported by Owen and Bell (1964), with different types 
of processing (precipitation versus lyophilization) as reported by Mc Galium et al. 
(1977), or route of administration (orally or parenterally) as reported by Owen et al. 
(1961). 
Several experiments have been conducted to test the efficacy of IG to protect against 
Escherichia coli challenge. Those experiments indicate that IG added to milk replacers 
can efficiently protect against Escherichia coli challenge (Kennelly et al., 1979; De 
Gregorio and Barr, 1990). Other data demonstrate that addition of IG increase dry 
matter feed intake (Miller et al., 1990). 
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Miscellaneous 
Several studies have been conducted to assess the effect of different factors on 
immune response of pigs. The most relevant are discussed below. 
Feeding and Fasting Feeding caused an increase in number of circulating 
neutrophils, but not lymphocytes or IgG, M and A (Morgan et al. 1989), whereas fasting 
for 48 h caused no effect on lymphocyte blastogenesis to PHA or Con A, either in whole 
blood or isolated lymphocytes. However, fasting caused a decrease in the number of 
neutrophils (Becker et al., 1992). Previous results reported by Klasing (1988a) indicated 
that short term overconsumption (150 %) or feed deprivation decreased or increased 
several aspects of the immune response in chickens, respectively. 
Repartitioning Agents The use of growth hormone and B-adrenergic agonists as 
repartitioning agents have been well investigated in swine and there are also two studies 
that show no detrimental effects on the immune function. The first study (Himi et al., 
1989) showed no effects on the cellular and humoral immune response in pigs using a B-
adrenergic agonist at low or high concentrations of protein. The second study (Goff et 
al., 1991a) indicated that the usage of growth hormone as a repartitioning agent did not 
cause any significant immunopathological effects on growing swine. A later review of 
literature (Goff et al., 1991b) corroborates the information, the authors suggested growth 
rate was a good indicator of health status. 
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Temperature There has been interest in determining whether lower temperatures 
in nursery rooms are linked with a detrimental effect in the immune response of pigs. 
There is a general consensus that disease level is increased at low temperatures. Minton 
et al. (1988) reported no effects on performance or antibody concentration to Escherichia 
colt with fluctuating nursery temperatures. But, their results show a significant increase 
in the number of mature monocytes and fluctuations in the number of eosinophils. 
Dmgs Several studies have been conducted on the effect of several feed additives 
on the immune response in pigs. Aspirin has been studied as an immunomodulator by 
Xu et al. (1990), whose results indicated that aspirin at 150 and 250 ppm in feed caused 
a mild increase in secondary immune response to ovalbumin and also a consistent 
decrease in diarrhea index. But, those results contradict the data reported by Huang et 
al. (1990), which showed a decreased lymphocyte blastogenesis as a result of aspirin 
feeding. 
Because the oligopeptide FK-565 has immunostimulatory effects in guinea pigs, there 
has been an interest to study the possible immunostimulatory effects in pigs. But studies 
by Thaler et al. (1989) and Chitko et al. (1991) indicated that FK-565 had no in vivo or 
in vitro immunostimulatory properties in pigs. 
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Branched Chain Amino Acid Metabolism 
Branched Chain Amino Acid Catabolism 
LEU, ILE and VAL are AA with an aliphatic side chain collectively called BCAA. 
They were first reported as essential AA by Rose (1938). The high content of BCAA in 
most proteins make their deficiencies very improbable, but for the same reason, there are 
concerns about excesses and antagonisms. 
There are excellent reviews on BCAA metabolism (Harper et al., 1984; Bender, 
1985). Thus, the objective of this chapter will not be to carry out an exhaustive 
literature review, but rather to highlight the most important points of their catabolism. 
LEU, unlike VAL and ILE, is a wholly ketogenic AA. The products of its 
metabolism are acetyl CoA and acetoacetate. For an overall review of LEU catabolism 
see Figure 1 at the end of this literature review. ILE is glycogenic and ketogenic, with 
the main products of its metabolism being propionate and acetate. VAL is a fully 
glycogenic AA and succinate is its metabolic end product. 
The main characteristics of their catabolism are that, unlike other AA, their 
transaminases are not located in the liver, but rather in muscle, and they have similar 
pathways in which they share some of the initial enzymes. The first common step is a 
reversible transamination that yields a correspondent ketoacid for each BCAA. LEU 
yields KIC, ILE yields a-keto-B-methyl-valerate (KMV) and VAL yields a-
ketoisovalerate (KIVA). KIC can be converted to HMB by KIC oxygenase in the cytosol 
of hepatic cells and it is believed to be an end product in urine. Branched chain amino 
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acid transaminase (BCAAT) is widely distributed and occurs both in cytosol and 
mitochondria in different proportions in body tissues. There are four types of BCAAT (I 
to IV) located in different tissues. BCAAT I and III accept all three BCAA as substrates, 
BCAAT II accepts only LEU as a substrate and BCAAT IV accepts LEU and methionine 
as substrates. The BCAAT activity is high in muscle and low in liver and kidney. No 
specific mechanisms of regulation of the enzyme are known and the activity of the 
enzymes depend on substrate and enzyme concentration. 
The second step is an oxidative decarboxylation by a branched chain keto acid 
dehydrogenase (BCKAD), which yields i so valerate (IVA) from KIC, a-methyl-butyrate 
(MBT) from KM VA or isobutyrate (IBT) from KIVA. BCKAD is located on the inner 
surface of mitochondria and its activity is high in liver and low in muscle and adipose 
tissue. It is a highly regulated enzyme, which is down regulated by its end products, as 
well as by high concentrations of ATP, NADPH, NADH and acetyl CoA. 
The third step is a dehydrogenation by which IVA is dehydrogenated to B-
methylvalerate, MBT to tiglylate and IBT to methacrilylate, respectively. The hydrogen 
acceptor in this reaction is a FAD. 
The following steps of BCAA catabolism are slightly different for each of the three 
BCAA. Thus, they will be described separately. The LEU derivative, (Î-methyl valerate 
is carboxylated to yield 8-methyl glutaconate by a biotin dependent carboxylase. 15-
methyl-glutaconate is subsequently hydrated to yield HMG, which is acted upon by a 
lyase to yield acetate and acetoacetate. HMG can be utilized for steroid synthesis upon 
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conversion to mevalonic acid. 
The ILE derivative tiglylate is hydrated to yield a-methyl-B-hydroxy-butyrate, which 
is posteriorly dehydrogenated to yield a-methyl acetoacetate using NAD as a hydrogen 
acceptor. Then, a-methyl acetoacetate is acted upon by a lyase yielding acetate and 
propionate. 
The VAL derivative, methacrilylate, is hydrated twice to hydroxyisobutyrate, which 
is dehydrogenated again twice to succinate. The hydrogen acceptor in both 
dehydrogenations is NAD. 
All BCAA metabolites, acetate, acetoacetate, propionate and succinate can enter the 
Krebs cycle to yield energy. Succinate and propionate also can provide their carbon 
skeleton for glucose synthesis. 
Branched Chain Amino Acid Antagonism 
The antagonism among these AA was first reported in 1939 by Gladstone in Bacillus 
antracis. It was not observed in rats fed adequate concentrations of protein with LEU at 
three times that required (Russell et al., 1952), but it was seen when rats were fed low 
levels of protein and high levels of LEU (Harper et al., 1954). It was later demonstrated 
that there was an interaction between the three branched chain AA in bacteria (Dien et 
al., 1954). Those findings were corroborated in rodents by Harper et al. (1954), who 
reported the interaction between LEU and ILE and, subsequently demonstrated the 
antagonism between the three branched chain AA in rats (Harper et al., 1955). Finally, 
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high levels of ILE and VAL have less effect on LEU in rodents than vice versa. 
Phenylalanine was initially implicated in the antagonism by Benton et al. (1956), but 
it has been associated rather with an imbalance caused by LEU excess. This imbalance 
was corroborated by Snyderman et al. (1959) and Rogers et al. (1967), who reported that 
additional AA (phenylalanine, tyrosine, threonine, tryptophan, proline) other than VAL 
and ILE were required to reestablish normal growth rate in rats fed high levels of LEU. 
Environmental temperature (Bavetta and Nimni, 1964), insulin (Spolter and Harper, 
1961) and dietary protein supplementation (Harper et al., 1955) can overcome the growth 
depression produced by dietary LEU excess. The antagonism also has been demonstrated 
in domestic animals, such as pigs (Mitchell et al., 1968a,b; Oestemer et al., 1973a,b; 
Henry et al., 1976; Taylor et al., 1984; Edmonds and Baker 1987a), young chicks 
(D'Mello and Lewis, 1973), laying hens fed low levels of protein (Muller and Balloum, 
1976; Smith and Austic, 1978), preruminant lambs (Papet et al., 1988) and kittens 
(Hargrove et al., 1988). In rainbow trout, the effect was not seen with 6.5 % LEU 
inclusion, but 13.4 % of LEU caused pathological lesions, without a clear depression of 
plasma VAL and ILE (Choo et al., 1991). 
One of the possible reasons for the BCAA antagonism can be the increase in BCAAT 
activity that high levels of LEU cause, which then decreases the body VAL and ILE 
pools because the enzyme does not discriminate among BCAA. Another possible reason 
could be competition for intestinal absorption, which will cause VAL and ILE to be 
absorbed less efficiently when LEU levels in the diet are increased. Competitive 
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oxidation of the enzymes BCAAT or BCKAD would cause a decrease in ILE and VAL 
catabolism, which would result in an increase, not a decrease of those AA body pools. 
Leucine Requirement in the Weanling Pig 
Leucine Recommendations 
Because the LEU requirement is usually met by practical swine diets, there has been 
little research on the LEU requirement as compared with that of lysine. The National 
Research Council (NRC, 1988) recommends LEU concentrations for weanling pigs of .85 
% (5 to 10 kg pig) and .70 % (10 to 20 kg pig). These estimates are based on six 
papers, with a range of requirement estimates from 1.25 % to .6 %. The research was 
published within a 30 years period (Eggert et al., 1954; Mertz, 1955; Mitchell et al. 
1968a,b; Oestemer et al., 1973a,b; Henry et al., 1976 and Taylor et al., 1984). The 
LEU recommendation of Institut National de la Recherche Agronomique (INRA, 1984) 
for pigs the same age as those in our experiments is 1 % of the diet, which is slightly 
higher than that of the NRC (1988). 
Amino Acid Excesses in Pigs 
Numerous studies have been conducted on AA excesses. Excesses have been 
classified into three categories according to their effects; toxicities, when they produce a 
detrimental effect on health; imbalances, when they cause feed intake depression and 
antagonisms, which results in an increase in requirement of a particular AA produced by 
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a high level of an antagonist AA. The best known examples of antagonisms are the 
BCAA antagonism and the lysine and arginine antagonism. There are several reviews on 
the topic (Harper, 1964; Harper et al., 1970). 
Corn-soybean diets formulated to meet the lysine requirement results in excesses of 
arginine, LEU, histidine and phenylalanine-tyrosine. Considerable research has been 
conducted in pigs on these AA excesses. 
Arginine has been the most studied AA excess in pigs because of the possible 
antagonism with lysine, the first-limiting A A in most diets. Easter and Baker (1977), 
Southern and Baker (1982), Rosell and Zimmerman (1984), Edmonds and Baker (1987a) 
and Baker (1989) reported no effect on lysine utilization by increasing the arginine levels 
above those found in practical diets. These results indicate that there was no biologically 
meaningful antagonism. Cromwell et al. (1983) reported that there were no performance 
advantages from reducing the excesses of arginine and LEU in diets of growing pigs. 
LEU excesses were studied by Edmonds and Baker (1987a). They reported that 
there were no detrimental effects on pig growth performance of feeding up to 4 % LEU 




The concept of an ideal pattern of AA was introduced by Howard et al. (1958), who 
discussed the importance of an ideal AA pattern that would constitute what they called 
"complete protein". However, this pattern was not studied in their experiments. The 
first ideal protein pattern was not reported until 1965 by Dean and Scott in chickens fed 
crystalline diets with crystalline AA. Cole (1978) discussed the importance of a similar 
approach in pigs in their different stages of production. Later the ARC (1981) brought 
the concept into swine nutrition recommendations. The data they used to elaborate the 
AA pattern were from experiments that assessed the requirement of an individual AA 
relative to that of lysine, experiments in which lysine and no other AA was first limiting 
and finally two experiments designed to study the complete AA profile. The INRA 
(1984) also published their requirements in the form of a pattern, as did NRC (1988). 
Several areas of swine production were targeted for study by different research 
groups to investigate the optimal AA pattern. Perhaps the most intensely researched was 
the growing pig. Yen et al. (1986a,b) conducted a series of experiments to determine the 
ideal AA pattern for males, females and male castrates from 25 to 55 kg and from 55 to 
90 kg body weight. The criteria chosen were: growth performance, blood urea nitrogen 
and carcass quality. Wang and Fuller (1989) and Fuller et al. (1989) studied the ideal 
AA pattern using nitrogen retention. Subsequently, they showed differences between the 
ideal pattern for maintenance and that for protein accretion. They indicated that the 
proportions relative to lysine for threonine, methionine and cysteine used for maintenance 
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were greater than those for protein accretion and the opposite for the BCAA. The 
patterns given by ARC, INRA, NRC, Yen et al. (1986a,b) and Wang and Fuller (1989) 
did not differ significantly. However, Wang and Fuller (1989) recommended more 
threonine, VAL, LEU, methionine plus cystine, ILE, phenylalanine plus tyrosine was 
larger with respect to LYS than those given by Yen et al. (1986a,b) or ARC (1981). 
Those authors reported no differences in ideal AA pattern with pigs fed corn and soybean 
meal diets with different rates of growth that can be encountered in normal situations. 
Significant research efforts have been directed toward finding the ideal AA ratio for 
weanling pigs. These efforts were undertaken because of all the peculiarities in the 
digestive physiology and growth of weanling pigs. Zhang et al. (1984) studied the 
concept with 3-wk-old weanling pigs using as criteria: growth, nitrogen balance and 
biological value of the protein. Campbell et al. (1988) used weanling pigs from 8 to 20 
kg and reported a very similar pattern to that of previous research for growing pigs. 
Chung and Baker (1991a,b and 1992) developed a chemically defined diet with which 
pigs attained a similar performance to that of pigs fed a corn, soybean meal and dried 
whey diet, so they could better manipulate the ratios and overcome the 
digestibility/availability problems associated with intake of intact proteins. Their ideal 
pattern did not vary significantly from that reported by ARC (1981). Gate! et al. (1992) 
studied the optimal pattern for pigs from 8 to 25 kg using growth as criterion and 
reported similar results to those of ARC (1981). 
Tockach et al. (1992) attempted to define the optimal AA pattern for lactating sow, 
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but their results were not very conclusive. The ideal AA pattern for lactation deserves 
further research efforts, as well as the ideal A A pattern for gestation and lactation. 
Finally, two reviews have been published on the topic, one by Fuller et al. (1990), in 
which they addressed the necessity to include AA digestibility as a factor in the pattern. 
They also discussed factors that can influence the ideal amino pattern. These include: 
sex, breed, age, energy intake and environment. A review by Baker and Chung (1992) 
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Figure 1. Leucine catabolic pathway. The * indicates the main regulatory site. 
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PAPER. EFFECTS OF DIETARY LEUCINE EXCESS AND LEUCINE 
METABOLITES SUPPLEMENTATION ON GROWTH AND IMMUNE 
RESPONSE IN WEANLING PIGS 
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ABSTRACT 
Three experiments involving 152 weanling pigs were conducted to study the effects 
of excess dietary leucine (LEU) or dietary supplementation with LEU catabolites, a-
ketoisocaproic acid (KIC) and B-hydroxy-methyl-butyrate (HMB) on growth and immune 
response. Pigs were fed either a wheat-oat groats-menhaden fish meal-dried whey diets 
that provided low LEU to which LEU, KIC or HMB were added or practical corn-
soybean meal-dried whey diets to which LEU was added. The criteria studied were 
ADG, ADFI, gain to feed ratio (G/F), plasma free LEU, plasma free isoleucine (ILE), 
plasma free valine (VAL), humoral immune response and cellular immune response. 
Results from these experiments indicate that LEU concentrations encountered in practical 
diets and supplementation with KIC and HMB (at the concentrations used in our 
experiments) did not cause detrimental effects on growth and immune response. 
However, LEU concentrations higher than those encountered in practical corn-soybean 
meal-dried whey diets were detrimental for ADG, ADFI and humoral immune response. 
KEY WORDS: Pigs, Immune function, Leucine, Leucine catabolites 
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INTRODUCTION 
Meeting the lysine requirements of pigs with diets formulated with natural proteins 
causes excess of several essential amino acids, including arginine, phenylalanine, 
tyrosine, histidine and leucine. The effects on performance of these excesses have been 
investigated in swine (Southern and Baker, 1982a,b; Edmonds et al., 1987a,b,c; 
Cromwell et al., 1983; Rosell and Zimmerman, 1984). Dietary LEU excess (4%) had no 
detrimental effects on weanling pig growth performance (Edmonds and Baker, 1987a). 
However, dietary LEU excess in rodents fed low protein concentrations (Aschkenasy, 
1975 and Chevalier and Aschkenasy, 1977), in broiler chickens (Tinker and Gous, 1986) 
and in lambs (Kuhlman, 1988) caused detrimental effects to their immune function. 
Conversely, ruminally-protected dietary KIC, the first LEU catabolite had 
immunostimulatory effects in vivo and in vitro in lambs (Kuhlman et al. 1988, 1991) and 
HMB, another LEU catabolite had immunostimulatory effects in vitro in ovine 
lymphocytes (Kuhlman, 1989). But KIC did not have immunostimulatory effects in 
broiler chickens (Beyer et al., 1992) and in lambs (Tayllerand, 1993) in vivo. 
The objective of this research was to investigate whether dietary LEU, at 
concentrations above those meeting minimum requirements but not considered to be 
detrimental for growth performance in weanling pigs, and dietary KIC or HMB 
supplementation would impair or stimulate immune response. 
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MATERIALS AND METHODS 
Experiment 1 
Animals Thirty-six crossbred pigs with an average initial body weight of 5.7 ± 
1.2 kg and an average initial age of 24.4 ± 1.6 d were randomly allotted from 
littermate groups to four dietary treatments in nine replications. The experimental starter 
diets were fed for 5 wk. Pigs were then transferred to a common grower diet for an 
additional 4 wk. Thus, the total duration of the experiment was 9 wk. Pigs were 
individually penned for the first 5 wk in .3 m x .9 m wire-floored cages and were then 
transferred to 1.22-m x 2.44-m pens (4 pigs/pen) with one pig from each dietary 
treatment in each pen for an additional 4-wk period. Pigs were allowed ad libitum access 
to feed and water. They were kept at 25 °C in the starter period with radiant heat 
supplied under the woven-wired floors in the starter period and were kept at 20°C in the 
growing period. Six pigs were removed from the experiment during the first 
experimental period because of poor health, which was characterized by respiratory 
problems that resulted in low feed intake. Three of them were pigs fed the low leucine 
diet and the other three pigs were distributed among the other dietary treatments. Four 
of the pigs that were removed were from the same litter. All procedures were approved 
by the Committee on Animal Care at Iowa State University. 
Diets Diets contained wheat, oat groats, menhaden fish meal and dried whey, to 
provide a low LEU (LL) concentration (1.12%) to which 1.12% of synthetic LEU (HL) 
or L12% of the sodium salt of KIC (Sobac, Paris, France) were added (Table 1), A 
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fourth corn-soybean meal-dried whey diet (HLC) was formulated to provide a practical 
diet as a control. The grower diet was formulated with corn and soybean meal. The 
calculated LEU concentrations in the four diets (Table 2) were 2.24 % (HL and HLC) 
and L12 % (LL and KIC). Diets were formulated to meet or exceed the NRC (1988) 
requirements for pigs from 5 to 10 kg for the starter phase and for pigs from 15 to 20 kg 
for the growing phase. Diets were made isolysinic (1.15 % for starter and .80 % for 
grower) by adding synthetic lysine and they were fed in meal form. 
Growth Pigs, feeders and feed refusal trays were weighed weekly and ADG, 
ADFI and gain to feed ratio (G/F) were calculated and used as criteria to study growth. 
In the growing period, no attempts were made to measure ADFI and G/F ratio because 
each pen contained one pig from each starter treatment. This type of allotment was 
carried out because the main objective of the experiment was the study of the immune 
function rather than growth performance. 
Plasma Free Amino Acids Plasma free amino acids (PFAA) were analyzed from 
blood obtained at wk 5 before transferral to a common grower diet. Blood was collected 
from an orbital sinus from pigs in heparinized tubes. Plasma was frozen at - 20°C until 
analyzed. Plasma protein was precipitated with SeraPrep™ (Pickering Laboratories, 
Mountain View, CA). PFAA were separated by ion-exchange chromatography and 
detected by fluorometry after post-column reaction with o-phtalaldehyde (Pickering 
Laboratories, Mountain View, CA) and analyzed by HPLC (Shimazdu LC-6A, Tokio, 
Japan). Amino acids are reported as plasma free LEU, ILE, VAL, essential amino acids 
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(ESAA=arginine 4- histidine + isoleucine 4- leucine + lysine + methionine + cysteine 
+ phenylalanine + tyrosine + threonine + tryptophan + valine), nonessential amino 
acids (NEAA=alanine + aspartic acid + asparagine + glutamine + glutamic acid + 
glycine + serine), branched chain amino acids (BCAA=leucine + isoleucine + valine) 
and sulfur amino acids (SAA = methionine + cysteine + cystine). 
Plasma Urea Nitrogen PUN was assayed in blood at wk 5 by using an 
AutoAnalyzer™ (Technicon Instruments Corporation, Chancey, NY) and the colorimetric 
method of Marsh et al, (1965). 
Humoral Immune Response The humoral immune response was assessed by 
analyzing the IgG+IgM production against keyhole limpet hemocyanin (KLH, Calbiotech 
Corporation, La Jolla, CA) with ELIS A. Pigs were immunized after 2 wk on the 
experiment with 200 /tg KLH/pig. KLH was delivered i.m. with 1 mL of saline and 1 
mL of Freund's incomplete adjuvant (Sigma Chemical, St. Louis, MO). Pigs were 
reimmunized at 5 wk, before transfer to the new housing, with 100 fig KLH/pig without 
Freund's incomplete adjuvant delivered i.m. with 1 mL of saline. Pigs were bled before 
immunization and weekly thereafter. Serum was frozen at - 20°C until analysis. The 
ELIS A assay was conducted in flat bottom microtiter plates (Immulon 2™, Dynatech, 
Chantilly, VA) that were coated overnight at - 4 °C with 1 fxg KLH/well in .1 M sodium 
bicarbonate buffer (pH=9.6), blocked with 200 /xL of a sodium chloride Tween 20 
solution (TS) that contained 2 % dried skim milk and incubated for 1 h at 37°C. Plates 
were incubated with 100 fiL of a 1:500 dilution of pig's serum in TS solution for 2 h at 
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37 °C. Fifty jul of a 1:1000 dilution of alkaline phosphatase conjugated and affinity 
purified goat anti-porcine IgG (7 chain; KPL, Gaithersburg, MD) and IgM (/x chain; 
KPL, Gaithersburg, MD) was incubated at 37°C for 1 h, after which 100 /nL of a p-
nitrophenyl phosphate disodium substrate (Sigma 104™, Sigma Chemical, St. Louis, 
MO) were added. Plates were incubated for 30 min at 37°C and subsequently read with 
an ELISA automatic reader (Bio-Tek Instruments, Winooski, VT) at 405 nm. Samples 
were analyzed in triplicate. Negative controls were conducted for blocking agent, pig 
serum, conjugate and substrate. Plates were washed three times with TS after each step 
and six times after incubation with serum and conjugated antibody. 
Cellular Immune Response The cellular immune response was assessed by 
performing whole blood peripheral lymphocyte blastogenesis at 2, 5 and 10 wk after 
initiation of the experiment. The mitogens used were concanavalin A (Con A, 10 
/(g/mL, Sigma chemical, St. Louis, MO), pokeweed mitogen (PWM, 5 /ig/mL, Sigma 
Chemical, St. Louis, MO) and phytohemagglutinin (PHA, 5 /txg/mL, Wellcome, Research 
Triangle Park, NC). Pigs were bled from an orbital sinus into heparinized tubes. Blood 
was diluted 1:5 in RPMI-1640 medium (Sigma Chemical, St. Louis, MO) supplemented 
with 10 mM HEPES, 25 U of penicillin/mL, 25 jxg of streptomycin/mL, and 20 mM L-
glutamine. Twelve aliquots per pig of 100 /xL/well of the blood solution in RPMI-1640 
were deposited in each well in a 96-well plate (Costar 3799, Cambridge, MA) to which 
100 /iL/well of the correspondent mitogen or RPMI-1640 were added (3 wells/mitogen). 
The concentrations of mitogens in the final solution in wells were 10 )Ug/mL for Con A, 
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5 ^g/mL for PWM and 5 /ng/mL for PHA. These concentrations were the ones that gave 
maximal blastogenic response in weanling pigs as assayed in preliminary tests. Plates 
were incubated for 48 h at 37°C with 5% CO? in air after which .5 ixCi of ^H-thymidine 
(Amersham, Arlington Heights, IL) was layered on each well. Samples were harvested 
after 7 h onto microfiber filter (Whatman, Maidstone, UK) using a microharvester 
(Bellco, Vineland, NJ), dried, diluted in a cocktail (Scintiverse™ BD, Fisher Scientific, 
Fair Lawn, NJ) and radioactivity was counted by liquid scintillation counter (Packard, 
Downers Grove, IL). Total counts were adjusted for white blood cell number in starting 
media (WBC) and lymphocyte percentage (LYP) in WBC, White blood cells were 
assayed in starting media by using a Coulter cell counter (Model ZF, Coulter 
Corporation, Hialeah, FL) and the percentage of lymphocytes was assessed by using flow 
cytometry (Coulter flow cytometer, Hialeah, FL). Blood samples were processed before 
being submitted to flow cytometry study with a preparatory kit (Test 300™, Coulter 
Immunology, Hialeah, FL). Twenty jxL of whole blood were placed in a U-bottom 
microtiter plate and washed twice with phosphate buffered saline (PBS). Red blood cells 
were lysed with 180 juL of a 1:25 dilution of Immunolyse™ (Coulter Immunology, 
Hialeah, FL) in PBS, fixed with 20 /iL of 10 % paraformaldehyde fixative (Coulter 
Immunology, Hialeah, FL), and assayed forward scatter versus side scatter to obtain the 
percentage of lymphocytes in WBC. 
Statistical Analysis Data were statistically analyzed as a randomized block design 
(RBD) using analysis of variance with the GLM procedure of SAS (1991). When a 
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treatment effect was detected to be significant (P < .05), then the differential 
probabilities procedure (PDIFF) of SAS was used to obtain the levels of significance 
among the different treatment means. 
Experiment 2 
Animals Eighty crossbred pigs with an average initial body weight of 6.5 ± 1.1 
kg and an average initial age of 24.5 ± 4.4 d were randomly allocated to five 
replications of four dietary treatments (20 pigs/treatment) according to weight and 
ancestry in a RED and housed in 1.5-m x 1.5-m pens (4 pigs/pen) with woven-wire 
floors in an all-in-all-out nursery. Pigs were allowed ad libitum access to feed and 
water. Room temperature was kept at 25 °C throughout the experiment. Heat pads were 
provided for the first 2 wk. The total duration of the experiment was 6 wk. The 
procedures were approved by the Committee on Animal Care at Iowa State University. 
Diets Diets contained wheat, oat groats, menhaden fish meal, and dried whey 
identical to those of Experiment 1 (Table 1). A fourth diet was included which consisted 
of the basal diet to which .4 % of the sodium salt of HMB were added. HMB was 
synthesized by the Coffman et al. (1958) method, purified by vacuum distillation and 
crystallization from ethanol as the calcium salt, converted to free acid, and neutralized 
with NaOH to obtain the sodium salt. Purity was assessed by HPLC and gas 
chromatography and mass spectrometry. The LEU levels in the four diets were 2.24 % 
(HL) and 1.12 % (LL, KIC, and HMB; Table 2). Diets were formulated to meet or 
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exceed the NRC (1988) requirements for pigs from 5 to 10 kg for the starter phase and 
for pigs from 15 to 20 kg for the growing phase. Diets were made isolysinic (1.15 % 
for starter and .80 % for grower) by adding synthetic lysine and they were fed in meal 
form. 
Growth Pigs and feeders were weighed weekly and ADG, ADFI and gain to feed 
ratio (G/F) were calculated and used as criteria to study growth. 
Plasma Free Amino Acids PFAA were analyzed as reported in Experiment 1 
from blood obtained at wk 6. Two pigs per pen were used for the PFAA determination. 
Plasma Urea Nitrogen PUN was assayed as reported in Experiment 1 from blood 
obtained at wk 6. Two pigs per pen were used for PUN determination. 
Humoral Immune Response The humoral immune response was assessed by 
analyzing the IgG and IgM (separately) production against KLH with ELISA as reported 
for Experiment 1. Pigs were immunized with 250 ixg of KLH/pig at 2 weeks of the 
experiment. Two pigs per pen were used to assay for IgG and IgM. 
Cellular Immune Response The cellular immune response was assessed by 
performing whole blood lymphocyte blastogenesis at wk 6 as described in Experiment 1. 
Two pigs per pen were used to perform the test. 
Statistical Analysis Data were statistically analyzed as described for Experiment 
1. In this experiment, each pen was considered to be the experimental unit. 
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Experiment 3 
Animals Thirty-six crossbred pigs with an initial body weight of 6.7 ± .6 kg and 
an average initial age of 24.3 ± 3.6 d were randomly allocated from littermate groups 
and initial weight to nine replications of four treatments in a 2 x 2 factorial arrangement. 
Treatments were the combinations of two levels of dietary LEU (1.56 % versus 3.12 %) 
and injections of saline or dexamethasone (DXM). DXM was used as an 
immunosuppressive agent. Pigs received daily i.m. injections of 150 /ug of DXM 
(Azium, Schering Corporation, Kenilworth, NJ) per kg BW' or the corresponding 
amount of saline (Abbott Laboratories, North Chicago, IL). Pigs were penned 
individually in .3-m x .9-m wire-floored cages and were allowed ad libitum access to 
feed and water. Pigs were kept at 25°C with radiant heat supplied under the woven-wire 
floors. The duration of the experiment was 4 wk. At the end of the experiment, pigs 
were euthanized by electrocution and liver, kidney, spleen and thymus were weighed and 
their weights are reported as g of organ per kg of body weight. Thymus was classified 
according to its macroscopic aspect in 1= normal, 2= mildly hemorrhagic, 3 = 
hemorrhagic, 4= very hemorrhagic and 5= severely hemorrhagic. The procedures were 
approved by the Committee on Animal Care at Iowa State University. 
Diets The experimental diets consisted of a basal corn-soybean meal-dried whey 
diet (1.56% LEU; Table 1) to which 1.56 % synthetic LEU was added (3.12% LEU). 
Diets were made isolysinic (1.30 %) by adding synthetic lysine and were formulated to 
meet or exceed the NRC (1988) requirements for pigs between 5 and 10 kg. 
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Plasma Free Amino Acids PFAA were analyzed as reported in Experiment 1 
from plasma obtained at wk 4. 
Plasma Urea Nitrogen PUN was assayed in blood obtained at wk 4 as reported in 
Experiment 1. 
Humoral Immune Response The humoral immune response was assessed by 
analyzing the IgG and IgM production against KLH with ELIS A, as reported for 
Experiment 1. Pigs were immunized at the beginning of the experiment with 1 mg of 
KLH/pig delivered i.m. with 2 mL of saline, without adjuvant, to avoid the confounding 
effect that the adjuvant could cause in humoral immune response as discussed by Kelley 
and Easter, 1991. 
Cellular Immune Response The cellular immune response was assessed by 
performing isolated lymphocyte blastogenesis at 4 wk. A total of 24 pigs were used (6 
pigs/treatment). The mitogens used and their concentrations were identical that those 
used in Experiments 1 and 2. Pigs were bled from an orbital sinus into heparinized 
conical tubes. Blood was diluted 1:3 in PBS in 50 mL conical tubes. Ten mL of the 
solution was layered on 3 mL of Histopaque 1077™ (Sigma Chemical, St. Louis, MO) 
in 15 mL conical tubes. Tubes were centrifugated for 45 m at 1000 rpm. The interface 
(buffy coat) was collected and twice washed with PBS and once with RPMI 1640 (Sigma 
Chemical, St. Louis, MO) supplemented with 10 mM HEPES, 25 U of penicillin/mL, 25 
ixg of streptomycin/mL and 20 mM L-glutamine. Cell concentration was assayed with a 
Coulter cell counter (Model ZF, Coulter Corporation, Hialeah, FL) and was equalized to 
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2.5 X 10'® cells/mL. Twelve aliquots per pig of 100 /nL/well (2.5 x 10'^ cells/well) of 
this solution were deposited in a 96-well flat bottom microtiter plate (Costar 3799, 
Cambridge, MA) in three replications, to which 100 /iL/well of the correspondent 
mitogen or RPMI 1640 were added. The rest of the procedure was identical to that of 
Experiments 1 and 2. 
Statistical Analysis Data were statistically analyzed as a RBD using analysis of 
variance with the GLM procedure of SAS (1991). LEU and DXM were studied as main 




Growth Results for growth performance are reported in Table 3. No treatment 
differences (P > .05) were observed in any of the growth performance criteria (ADG, 
ADFI, G/F). No attempts were made to compare growth performance in the grower 
period because one pig from each treatment was housed in each pen. For the grower 
period, ADG was 703 g/d, ADFI was 1,732 g/d and G/F was 403 g/kg. 
Plasma Free Amino Acids PFAA at wk 5 are reported in Table 4. There were no 
differences (P > .05) among pigs fed the different dietary treatments on plasma free 
LEU, ILE, VAL, ESAA, NEAA, BCAA and SAA. 
Plasma Urea Nitrogen PUN levels at wk 5 for pigs fed the different dietary 
treatments are reported in Table 4. There were no differences (P < .05) in PUN 
concentrations among pigs fed the different dietary treatments. 
Humoral Immune Response Results for humoral immune response are reported 
in Table 5 and Figure D.l. No differences (P > .05) were seen in humoral immune 
response among pigs fed the different dietary treatments. 
Cellular Immune Response Results for cellular immune response are reported in 
Tables 6, 7, and 8 for wk 2, 5, and 10 respectively. After 2, 5, or 10 wk of the 
experiment there were no treatment differences (P > .05) in adjusted counts. 
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Expe/iment 2 
Growth Results for growth performance are reported in Table 9. For the total 6 
wk of the experiment, there were no treatment differences (P > .05) for any of the 
growth performance criteria. 
Plasma Free Amino Acids PFAA at wk 6 are reported in Table 10. Plasma free 
LEU for pigs fed the HL diet was higher (P < .05) than for pigs fed LL, KIC or HMB. 
Plasma free ILE and VAL were lower (P < .05) for pigs fed HL and KIC diets than for 
pigs fed the LL and the HMB diets. No differences (P > .05) in plasma free ESAA, 
NEAA, BCAA or SAA were seen among pigs fed the different dietary treatments. 
Plasma Urea Nitrogen PUN levels at wk 6 are reported in Table 10. Pigs fed the 
HL diet had higher (P < .05) PUN levels than pigs fed the LL and the KIC but not the 
HMB diets. 
Humoral Immune Response Results for humoral immune response are reported in 
Table II and Figures D.2. and D.3. There were no differences (P > .05) among pigs 
fed the different dietary treatments in primary and secondary humoral immune response. 
Cellular Immune Response Results for cellular immune response are reported in 
Table 12. No differences (P > .05) were seen in any of the cellular immune response 
data among pigs fed any of the dietary treatments. 
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Experiment 3 
Growth Results for growth performance are reported in Table 13. For the overall 
4 wk of the experiment, pigs fed the high LEU diet had slower (P < .01) ADG and 
lower (P < .01) ADFI than pigs fed the low LEU diets. Pigs injected daily with DXM 
had lower (P < .01) G/F than pigs injected with saline, but daily injection of DXM did 
not have any effects (P > .05) on any of the other growth performance criteria. 
Results for the different organ weights are reported in Table 14. Daily injection of 
DXM caused a decrease (P < .01) of 50 % of the thymus weight (as g of organ weight 
per kg of BW), and a decrease (P < .05) of 16 % in spleen weight as compared with 
pigs that did not receive daily injection of DXM. However, pigs injected with DXM had 
heavier (P < .05) kidneys (12%) and livers (11%) than pigs receiving the saline. LEU 
addition to diets caused no effects (P < .05) on organ weights. 
Plasma Free Amino Acids PFAA at wk 4 are reported in Table 15. LEU 
addition in the diet caused an increase (P < .01) of plasma free LEU and decreased (P 
< .01) plasma free ILE and VAL. DXM injection caused an increase (P < .05) of 
plasma free LEU, ILE and VAL and it caused a decrease (P < .05) of plasma free 
NEAA. 
Plasma Urea Nitrogen PUN levels at wk 4 are reported in Table 15. Pigs 
receiving daily injections of DXM had higher (P < .05) PUN levels than those receiving 
saline. 
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Humoral Immune Response Results for humoral immune response are reported in 
Table 16 and Figure D.4. Pigs fed diets with supplemental LEU had less (P < .05) IgG 
at wk 3 than pigs fed the unsupplemented diets. The DXM injected pigs had less (P < 
.05) IgG at wk 3. 
Cellular Immune Response Results for cellular immune response are reported in 
Table 17. These results indicate that there were no differences among pigs receiving the 
different experimental treatments in stimulation index and background count. 
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DISCUSSION 
Growth data from the experiments are somewhat in agreement with those of similar 
studies conducted, particularly in studies with pigs reported in the literature. In the first 
two experiments, no effects on growth performance were observed. In contrast, in the 
third experiment, in which the dietary LEU levels were higher than in the first and 
second experiments, addition of LEU to the diets caused 19% decreases (P < .05) in 
ADG and ADFI for the total 4 wk of the experiment. Edmonds and Baker (1987a,b,c) 
reported no effects in growth performance for weanling pigs and broiler chickens when 
adding 4 % of crystalline LEU to a basal diet that contained 1.74% LEU, but a 
detrimental growth effect was reported when LEU was added at 6% to the same basal 
diet. The final concentration of LEU in the diets used by Edmonds and Baker (1987a) 
experiment was therefore 5.74%, which is higher than the 3.12% LEU concentration in 
Experiment 3. Their ILE and VAL concentrations were also higher than in our 
experiments. The ILE and VAL concentrations were 1.08% and 1.26% respectively 
whereas in Edmonds and Baker (1987a) experiment were .79% for ILE and .89% for 
VAL. The differences in dietary concentrations of ILE and VAL between the 
experiments were therefore .29% for ILE concentration and .37% for VAL 
concentration. Those differences may have caused the performance differences among 
experiments. Results reported recently by Arentson and Zimmerman (1992) showed a 
performance improvement in weanling pigs by adding .1% ILE and .1% VAL to a corn-
corn gluten meal diet. The differences in ILE and VAL concentrations in diets between 
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Experiment 1 and 2 and the experiments reported by Edmonds and Baker (1987a) are 
larger than .1%. Other possible causes for the performance differences could be that in 
the experiment reported by Edmonds and Baker (1987a) heavier pigs (9 kg) were utilized 
than in the experiments reported herein (6.7 kg) and in Edmonds and Baker (1989a) 
experiment, pigs had a 5 d period of adjustment to starter diets before being transferred 
to the experimental diets. 
Because the LEU requirement is usually met by practical swine diets, there has been 
little research on the LEU requirement as compared with that of other most limiting 
amino acids. It is believed, as reported by NRC (1988), that LEU levels encountered in 
a corn-soybean meal diet, which are 2.5 times higher than the LEU requirement, are not 
high enough to cause a detrimental effect in performance. The NRC (NRC, 1988) 
recommends LEU concentrations for weanling pigs of .85% (5 to 10 kg pig) and .70% 
(10 to 20 kg pig). These estimates are based on six papers, with a range of requirement 
estimates from 1.25% to .6% (Eggert et al., 1954; Mertz, 1955; Mitchell et al. 1968; 
Oestemer et al., 1973a,b; Henry et al., 1976 and Taylor et al., 1984). The LEU 
recommendation of Institut National de la Recherche Agronomique (INRA, 1984) for 
young pigs the same age as the ones used in the experiments reported in this paper are 
1% of the diet, which are slightly higher than that of the NRC (1988). Feed intake and 
growth depression can be produced by addition of crystalline LEU to diets, as 
demonstrated by results from Oestemer et al. (1973a), in which they reported ADG 
inhibition with LEU levels ranging from .70 to 1.02%. These effects were seen with 
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ILE concentrations ranging from .45% to .70%. Data from Henry et al. (1976) with 
growing pigs confirmed those of Oestemer et al. (1973a) with weanling pigs. 
Data for PFAA from our experiments parallel somewhat those of growth 
performance. No treatment differences were observed in PFAA in Experiment 1, which 
might have been due to the high variation and also to infection, which is known to alter 
the PFAA concentrations, especially for BCAA (Powanda, 1977). Data from 
Experiments 2 and 3 show that increased concentrations of plasma free LEU cause 
decreases in plasma free ILE and plasma free VAL. This phenomenon is due to a BCAA 
antagonism, which was first demonstrated in bacteria by Dien et al. (1954) and later in 
rats by Harper et al. (1954). The antagonism has been reported in pigs (Mitchell et al., 
1968a,b; Oestemer et al., 1973a,b; Henry et al., 1976; Taylor et al., 1984; Edmonds and 
Baker 1984), young chicks (D'Mello and Lewis, 1973), as well as in other food 
producing animals such as laying hens fed low protein levels (Miller and Boullum, 1976; 
Smith and Austic, 1978), preruminant lambs (Papet et al., 1988), and kittens (Hargrove 
et al., 1988). In rainbow trout, the effect was not seen with 6.5% dietary LEU, but 
13.4% LEU caused pathological lesions, without a clear depression of plasma VAL and 
ILE (Choo et al., 1991). The basis for the antagonism, according to Harper et al. 
(1984), could be due to an activation of the BCAA transaminase (BCAAT), which is 
common for the three BCAA. High levels of plasma free LEU cause an stimulatory 
effect on BCAAT activity, which decreases the body LEU, VAL, and ILE pools. 
Another possible reason for the antagonism could be competitive intestinal absorption. 
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which would cause VAL and ILE to be absorbed less efficiently when LEU 
concentrations in diet are increased. Competitive transport would also be involved in 
lymphocytes, which orchestrate the immune response through the synthesis of a series of 
proteins. The proteins synthesized include cytokines and immunoglobulins (see Figures 1 
and 2). Competitive oxidation of the enzymes BCAA transaminase or branched chain 
ketoacid dehydrogenase would cause a decrease in ILE and VAL catabolism, which 
would result in an increase and not a decrease of those amino acids body pools. 
The results for pigs fed diets containing KIC and HMB in growth performance 
indicate that KIC and HMB addition to weanling pigs diets cause effects similar to that of 
dietary LEU addition. Dietary KIC supplementation, but not dietary HMB 
supplementation, caused a decrease of plasma free ILE and VAL, but had no effect on 
plasma free LEU. These responses can be explained because KIC, the first metabolic 
derivative of LEU, follows the same catabolic pathway as LEU. In contrast, HMB is 
believed to be excreted in the urine. Also, HMB inclusion level in the diets was lower 
than that of KIC and LEU. 
Data from research conducted with rodents and other species suggest that high 
concentrations of dietary LEU may be detrimental to the immune response. Most of the 
effects of dietary excess of LEU on immune function have been demonstrated in rodents 
fed low concentrations of dietary protein, and consequently low ILE and VAL. The 
effects of the high LEU and low protein diets were a decrease in spleen rosette forming 
cells, spleen plaque forming cells, hemagglutinins, hemolysins, and thymus weight and 
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spleen weight (Chevalier and Aschkenasy, 1977). Dietary VAL deficiency causes a very 
detrimental effect on immune function in rats as reported by Aschkenasy (1964 and 
1966a,b). Aschkenasy (1975) reported that with just 1 wk of VAL deficiency, rats were 
neutropenic and lymphopenic in blood and digestive tract. Jose and Good (1973a,b) 
reported decreased antibody titers in 5-wk-old mice deficient in VAL. Petro and 
Bhattachaijee (1981) reported increased susceptibility to Salmonella typhimurium in mice 
when fed diets deficient in VAL. Less detrimental, yet similar effects to those with a 
VAL deficiency were reported by the same authors with an ILE deficiency. The 
detrimental effects of high dietary LEU on immune function were corrected with the 
addition of VAL and ILE (Jose and Good, 1973a; Aschkenasy, 1975, 1979). 
Because the catabolic pathway for BCAA is the same in all organisms studied 
(Bander, 1985), similar research has been conducted using food producing animals. In 
broiler chickens, dietary LEU excess caused a decrease in IgM and IgG production 
against heterologous sheep red blood cells that paralleled the decrease seen in growth 
(Tinker and Gous, 1986). The authors reported inhibitory effects in primary and 
secondary humoral immune response by feeding 3.78 or 2.56% dietary LEU, when 
compared with chicks fed a basal diet that contained 1.78 % LEU. Their dietary 
concentrations of ILE and VAL were .82 % and 1.13 % respectively. The two dietary 
LEU concentrations used in this experiment caused significant primary and secondary 
humoral immune response depression, but only the highest LEU level fed to chicks 
depressed peak hemagglutinin concentrations. Low concentrations of VAL in diets fed to 
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chickens infected with Newcastle disease virus had the same deleterious effects that they 
had in rodents (Bhargava et al., 1970). Later studies with growing sheep supplemented 
with ,05 % ruminally protected LEU, showed similar depressing effects on humoral 
immune response against heterologous red blood cells. Conversely, feeding identical 
percentage of KIC in the same manner increased the humoral immune response to the 
same immunogens (Kuhlman et al., 1988) and lymphocyte blastogenesis (Nissen et al., 
1986; Flakoll et al., 1987). Additional research, indicated that sheep fed diets identical 
to the ones in the experiment reported by Kuhlman et al. (1988) had different percentage 
of lymphocyte subsets and sheep fed LEU had lower peripheral lymphocyte proliferative 
responses (Kuhlman et al., 1991). Results reported by Talleyrand (1993) indicate that 
sheep supplemented with HMB concentrations up to 1 g/day did not show an increase in 
antibody titres against porcine red blood cells. 
There have been research conducted to study the effects of the amino acids that we 
worked with on in vitro peripheral lymphocyte cultures. Those studies demonstrated that 
supplementation with the LEU derivative (HMB) increased ovine proliferative response 
by 100%, fl-hydroxy-butyrate (BOHB) enhanced it by 50% and a-ketoisocaproate (KIC) 
and isovalerate did not enhance lymphocyte proliferation (Kuhlman, 1989). Leucine was 
necessary for bovine lymphocyte proliferation and IgM production by mitogen-stimulated 
bovine lymphocytes in vitro. Furthermore, KIC, but not the LEU catabolite HMB or B-
hydroxy-B-methyl-glutamate (HMG), partially replaced LEU for these functions 
(Nonnecke et al., 1991a,b). Acetate and acetoacetate, which are end products of LEU 
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catabolism, did not alter bovine lympliocyte proliferation at concentrations occurring in 
physiological conditions (Franklin et al., 1991; Nonnecke et al., 1992), but 
concentrations of acetate related to ketosis suppressed lymphocyte proliferation. 
Enzymes that degrade amino acids have been implicated in reduction of in vitro PHA 
induced lymphocyte proliferation (Chuang et al., 1990a). Among these enzymes, the 
most detrimental have been lysine carboxylase, asparaginase, arginase, and tyroxinase, 
but LEU dehydrogenase, however, only decreased human lymphocyte proliferation by 
only a small degree (Chuang et al, 1990b). 
Arginine is another amino acid encountered in excess in practical diets for pigs. 
There is literature concerning the effects of this amino acids on growth performance in 
pigs and also concerning its effects on the immune response of different animals. 
Arginine has been perhaps the most studied excess amino acids in pigs because of the its 
known antagonism with lysine in chicks and because lysine is the first-limiting amino 
acids in most practical diets. Easter and Baker (1977), Southern and Baker (1982), 
Rosell and Zimmerman (1984), Edmonds and Baker (1987a), and Baker (1989) reported 
no effect on lysine utilization by increasing the arginine levels above those found in 
practical diets. These results indicate that there was no antagonism. Cromwell et al. 
(1983) reported that there were no performance advantages from reducing the excesses of 
arginine and LEU in diets of growing pigs. Arginine deficiency caused a depression in 
the immune response in rats (Jose and Good, 1973a). Data reported by Reynolds et al. 
(1988) indicate that dietary arginine supplementation enhanced cytotoxic T lymphocyte 
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development, natural killer cell activity, and T cell receptor expression. In vitro 
incubation for 72 h with arginine supplementation enhanced natural killer cell activity and 
T-cell activation. However, Ronnenberg et al. (1991) and Torre et al., (1993) failed to 
demonstrate immune enhancing effects in young, old rats or lipopolysaccharide stressed 
rats by dietary arginine supplementation. 
A considerable amount of research has been devoted to the effects of nutrition on 
immune response in domestic animals. There are several reviews of the literature on the 
subject (Nockels, 1986; Reddy and Frey, 1990; Santoma, 1991; Klasing, et al., 1991). 
Kelley and Easter (1991) reviewed the published literature on the effects of nutrition and 
immune response in the pig. The number of publications on effects of amino acid 
nutrition on the immune response in pigs or vice versa is very scarce in pigs. Austic et 
ai. (1991) reviewed the literature of amino acids nutrition effects on immune response. 
Mc Gillivray (1967) published data indicating that lysine concentrations for maximal 
growth suppressed humoral immune response. Recently, Kornegay et al. (1993) 
published results indicating that lysine concentrations higher than those recommended by 
NRC (1988) could have an stimulatory effect on secondary immune response to 
ovalbumin. Cuaron et ai. (1984) indicated that threonine, not lysine, was the first 
limiting amino acid for optimal humoral immune response in first-litter sows fed 
sorghum-soybean meal diets. Van Heugten et al. (1992), while studying the effects of 
methionine on immune suppression by aflatoxicosis in weanling pigs, reported that high 
concentrations of methionine could suppress the cellular immune response. The question 
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that remains to be answered is whether amino acids excess would affect growth or 
immune response first. It would seem evident that in a situation of nutrient deficiency 
immune response would have priority over growth. But it is not clear how nutrient 
excesses may affect the immune response. 
DXM was used in Experiment 3 to have a comparison between LEU potential 
immune suppressive effects with a known immune suppressor. DXM has immune 
suppressive effects in pigs (Mormedé and Moré, 1980; Saulnier et al., 1991; von Borell, 
1992) and cattle (Roth and Kaeberle, 1981) as does its precursor prednisolone in pigs 
(Yang and Schultz, 1986). DXM injection clearly caused detrimental effects in the 
organs of the immune system as shown by the decreases (P < .05) in thymus and spleen 
weight as related to BW. Thymus macroscopic aspect in pigs receiving daily DXM 
injection was more (P < .05) hemorrhagic than in those pigs that did not receive the 
injection. Those effects were also seen in the functional criteria of humoral immune 
response studied such as the lowered (P < .05) IgG concentration against KLH from 
pigs receiving daily injection of DXM when compared with those pigs that did not 
receive it. DXM did not cause detrimental effects on cellular immune response. 
In our first two experiments, no effects of dietary treatments were seen in primary 
and secondary humoral immune response in pigs. However, in wk 3 of Experiment 3, 
pigs fed high LEU diets had a lower (P < .05) IgG against KLH concentration . The 
differences among experimental results could be explained by the highest LEU 
concentrations of Experiment 3. 
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No differences (P < ,05) in cellular immune response were observed among pigs fed 
the different dietary treatments in Experiments 1 and 2. In Experiment 3, in which LEU 
concentrations were higher than in previous experiments, pigs fed high LEU diets had 
lower (P < .05) Con A stimulated isolated peripheral lymphocyte blastogenesis. 
However, these differences were not maintained when total counts were adjusted for 
background (stimulation index). In general, counts were lower for Experiment 3 than for 
the first two experiments, which could be because the concentrations of mitogens used 
were optimized for lymphocyte blastogenesis in whole blood, not for isolated lymphocyte 
blastogenesis. 
In conclusion, LEU concentrations encountered in practical corn-soybean meal-dried 
whey diets for weanling pigs are unlikely to cause detrimental effects on growth 
performance and immune response. But a higher LEU concentration, double that found 




Results from these experiments showed that leucine concentrations found in corn-
soybean meal-dried whey diets for weanling pigs do not cause detrimental effects on 
growth or immune response. However, higher leucine concentrations, such as that 
encountered in Experiment 3, are detrimental for growth and can have a negative effect 
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Fig 2. Effects of high LEU concentrations on Ig production by plasma cells. 
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Table 1. Composition of experimental diets (Experiments 1, 2 and 3) 
Dietary treatments' 
Item BASAL HLC FINAL BASAL 
Exp. 1 + 2 Exp. 1 Exp. 1 Exp. 3 
% as fed 
Wheat 29.80 - - — — 
Com — 49.05 78.97 48.12 
Oat groats 32.20 — — — 
Soybean meal — 25.00 17.69 20.00 
Dried whey 20.00 20.00 — 25.00 
Menhaden fish meal 7.00 — — — 
Com starch 6.27 - - — - -
Soybean oil 2.00 2.00 — 2.00 
Sodium chloride .25 .25 .25 .25 
Dicalcium phosphate .27 1.10 .92 1.34 
Calcium carbonate .41 .68 .76 .59 
L-lysine*HCl .34 .06 .05 .46 
DL-methionine .03 — - - .13 
L-threonine .07 -- — — 
L-leucine - - .50 — - -
Antibiotic- .25 .25 .25 1.00 
Vitamin premix^ 1.00 1.00 1.00 1.00 
Trace mineral premix"* .10 .10 .10 .10 
Ethoxyquin .01 .01 .01 .01 
'Abbreviations for diets: HLC= high leucine (corn-soybean). 
^Supplied per kilogram of diet: 110 mg of chiortetracycline; 110 mg of sulfathiazole; 50 mg 
of penicillin. 
^Supplied per kilogram of diet; 4,400 lU vitamin A; 1,100 lU vitamin D,; 6.6 mg 
riboflavin; 17.6 mg d-pantothenic acid; 33 mg niacin; 10 fxg vitamin B,, (Experiments 1 and 2). 
Supplied per kilogram of diet: 4,400 lU vitamin A; 1,100 lU vitamin D^; 22 lU vitamin E; 6.6 
mg riboflavin; 17.6 mg d-pantothenic acid; 33 mg niacin; 10 jig vitamin B,, (Experiment 3). 
•^Supplied in milligram/kilogram of diet: Zn, 200; Fe, 100; Mn, 55; Cu, 10; Co, 1; I, 1.5 
(Experiments 1 and 2). Supplied in milligram/kilogram of diet: Zn, 165; Fe, 193; Mn, 66; Cu, 
19; Co, 1; I, 1.5 (Experiment 3). 
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Table 2. Analysis of experimental diets (Experiments 1, 2 and 3) 
Dietary treatments' 
BASAL HLC FINAL BASAL 
Item Exp. 1 + 2 Exp. 1 Exp. 1 Exp. 3 
% as fed 
Calculated composition 
Energy, kcal ME/kg 3330.60 3286.70 3299.48 3241.10 
Crude protein 16.23 18.66 15.29 16.44 
Lysine 1.15 1.15 .80 1.31 
Leucine 1.12 2.24 1.58 1.59 
Isoleucine .68 .86 .66 .79 
Valine .76 .68 .82 .89 
Methionine+cysteine .58 .65 .57 .72 
Calcium .80 .80 .60 .80 
Potassium .65 .65 .50 .70 
Ratio to lysine, calculated 
Lysine 100 100 100 100 
Leucine 98 194 198 121 
Isoleucine . 59 75 83 60 
Valine 66 59 103 68 
Methionine+cysteine 50 57 71 55 
'Abbreviations for diets: HLC= high leucine (corn-soybean). 
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Table 3. Effects of dietary treatments on pig growth performance (Experiment 1) 
Dietary treatments' 
Week LL HL KIC HLC CV^, % 
Average daily gain, g 
Oto 5 419 376 416 416 24 
Average daily feed, g 
Oto 5 623 552 581 575 21 
Gain/feed, g/kg 
0 to 5 678 668 713 730 10 
'Abbreviations for diets: LL= low leucine; HL= high leucine; KIC= a-
ketoisocaproate; HLC= high leucine (corn-soybean diet). 
^Coefficient of variation. 
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Table 4. Effects of dietary treatments on plasma free amino acids (Experiment 1) 
Item, mg/dL 
Dietary treatments' 
CV\% LL HL KIC HLC 
Leucine 4.06 3.27 4.00 3.64 14 
Isoleucine 1.99 1.72 2.11 1.89 14 
Valine 3.84 3.32 4.01 3.67 12 
ESAA^ 27.73 24.08 27.20 26.21 10 
NEAA^ 77.31 77.66 70.16 67.84 18 
BCAA^ 9.88 8.31 10.11 9.19 12 
SAA^ .72 .58 .71 .71 21 
PUN^ 11.38 10.44 10.43 12.91 25 
'Abbreviations for diets: LL= control, HL= high leucine, KIC= a-ketoisocaproate, 
HLC= high leucine (corn-soybean diet). 
^Coefficient of variation. 
^Abbreviations: ESAA= essential amino acids = arginine+histidine+isoleucine + leucine+ 
lysine+methionine+cysteine+phenylalanine+tyrosine+threonine+tryptophan + valine, NEAA = 
nonessential amino acids = alanine+aspartic acid+asparagine+glycine+glutamic acid + serine, 
BCAA= branched chain amino acids = leucine+isoleucine+valine, SAA= sulfur amino acids = 
methionine+cystine+cysteine, PUN= plasma urea nitrogen. 
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Table 5. ELIS A results for IgG and IgM against KLH (Experiment 1) 
Dietary treatments' 
Week- LL HL KIC HLC CV^ % 
- Absorbance'^ for IgG+IgM -
0 107 109 110 106 9 
1 123 167 144 145 31 
2 616 717 570 601 43 
3 958 1129 970 1006 29 
4 849 946 990 951 13 
5 881 868 957 896 12 
6 866 848 975 834 20 
7 997 993 1043 1066 18 
'Abbreviations for diets: LL= low leucine; HL= high leucine; KIC= a-
ketoisocaproate; HLC= iiigli leucine (corn-soybean diet). 
^Indicates week after immunological challenge with KLH. 
^Coefficient of variation. 
"•Absorbance at 405 nm x 10^. 
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Table 6. Whole blood peripheral lymphocyte blastogenesis at wk 2 (Experiment 1) 
Item 
Dietary treatments' 
CV\ % LL HL KIC HLC 
Background^ 367 232 414 275 66 
Adjusted counts'* 
Con A 367 240 177 257 70 
PHA 899 956 515 1104 77 
PWM 14 11 5 14 115 
WBC^ 2002 2024 2063 1693 32 
PLY, 72 66 69 71 10 
'Abbreviation for diets; LL= control, HL= high leucine, KIC= a-ketoisocaproate, 
HMB= li-hydroxy-methyl-butyrate. 
^Coefficient of variation. 
^Background = cpm ^H-thymidine incorporation. 
Adjusted counts = [cpm ^H-thymidine/(background*WBC*LYP)]*10^. Mitogens: Con A = 
concanavalin A (10 /ig/mL), PHA= phytohemagglutinin (5/ig/mL), PWM= pokeweed mitogen 
(5/ig/mL). 
^White blood cells in starting media (cells/well). 
^Percentage of lymphocytes in WBC. 
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Table 7. Whole blood peripheral lymphocyte blastogenesis at wk 5 (Experiment 1) 
Item 
Dietary treatments' 
CV-, LL HL KIC HLC 
Background^ 464 415 491 335 73 
Adjusted counts 4 
Con A 293 311 562 403 88 
PHA 427 422 807 882 82 
PWM 214 226 331 271 43 
WBC^ 1879 1938 1654 1759 27 
PLY, 71 71 75 77 8 
'Abbreviation for diets: LL= control, HL= high leucine, KIC= a-ketoisocaproate, 
HMB= fi-hydroxy-methyl-butyrate. 
^Coefficient of variation. 
^Background = cpm ^H-thymidine incorporation. 
Adjusted counts = [cpm ^H-thymidine/(background*WBC*LYP)]*10^. Mitogens: Con A = 
concanavalin A (lO/ig/mL), PHA= phytohemagglutinin (5/ig/mL), PWM= pokeweed mitogen 
(5/Lig/mL). 
^White blood cells in starting media (cells/well). 
^Percentage of lymphocytes in WBC. 
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Table 8. Whole blood peripheral lymphocyte blastogenesis at wk 10 (Experiment 1)' 
Item 
Dietary treatments' 
CV\ LL HL KIC HLC 
Background^ 319 598 461 547 71 
Adjusted counts'* 
Con A 249 405 531 534 136 
PHA 312 490 598 971 98 
PWM 115 274 343 345 79 
WBC^ 1491 1281 1456 1674 29 
PLY, 65 67 69 68 11 
'Abbreviation for diets: LL= control, HL= high leucine, KIC= a-icetoisocaproate, 
HMB= fl-hydroxy-methyl-butyrate. 
^Coefficient of variation. 
3Background= cpm ^H-thymidine incorporation. 
Adjusted counts = [cpm ^H-thymidine/(bacicground*WBC*LYP)]*10^. Mitogens: Con A = 
concanavalin A (lO/^g/mL), PHA= phytohemagglutinin (5/ig/mL), PWM= pokeweed mitogen 
(5/ig/mL). 
^White blood cells in starting media (cells/well). 
^Percentage of lymphocytes in WBC. 
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Table 9. Effects of dietary treatments on pig growth performance (Experiment 2) 
Dietary treatments' 
Week LL HL KIC HMB CV\ % 
Average daily gain, g 
0 to 6 455 433 437 456 6 
Average daily feed, g 
0 to 6 801 773 778 842 5 
Gain/feed, g/kg 
0 to 6 572 561 564 557 2 
'Abbreviations for diets: LL= low leucine, HL= high leucine, KIC= a-ketoisocaproate, 
HMB= fi-hydroxy-methyi-butyrate. 
^Coefficient of variation. 
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Table 10, Effects of dietary treatments on plasma free amino acids (Experiment 2) 
Dietary treatments' 
Item, mg/dL LL HL KIC HMB CV\ % 
Leucine 4.27" 7.05" 4.92" 4.04" 21 
Isoleucine 3.31" 1.62" 1.85" 3.21" 19 
Valine 4.37" 2.25" 2.48" 4.30" 21 
ESAA^ 35.66 32.96 32.28 34.41 19 
NEAA^ 37.15 30.37 34.68 35.82 14 
BCAA^ 11.95 10.92 9.25 11.55 20 
SAA^ 1.55 1.22 1.30 1.44 24 
PUN^ 10.52" 12.12" 10.28" 11.06=" 8 
'Abbreviation for diets: LL= control, HL= high leucine, KIC= a-ketoisocaproate, 
HMB= fi-hydroxy-methyl-butyrate. 
^Coefficient of variation. 
^Abbreviations: ESAA= essential amino acids = arginine+histidine+isoleucine+leucine4-
lyslne+methionine+cysteine+phenyalanine+tyrosine+threonine+tryptophan+valine, NE A A = 
nonessential amino acids=alanine+aspartic acid + asparagine4-glycine+glutamic acid+serine, 
BCAA= branched chain amino acids = leucine+isoleucine+valine, SAA= sulfur amino acids= 
methionin0+cystine+cysteine, PUN= plasma urea nitrogen. 
"-''Means within a row with different superscript differ (P < .05). 
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Table 11. ELIS A results for IgG and IgM against KLH (Experiment 2) 
Dietary treatments' 
Week^ LL HL KIC HMB CV\ % 
Absorbance'^ for IgG 
0 7 6 7 8 50 
1 98 105 115 112 43 
2 1196 1104 1061 1170 19 
3 1212 1209 1320 1271 10 
4 1104 980 1185 1143 14 
Absorbance"* for IgM 
0 64 72 66 79 26 
1 229 259 269 245 40 
2 266 270 210 306 42 
3 109 134 115 124 45 
4 116 121 130 131 21 
'Abbreviation for diets: LL= control, HL= high leucine, KIC= a-ketoisocaproate, HMB 
= B-hydroxy-methyl-butyrate. 
^Indicates week after immunological challenge with KLH. 
^Coefficient of variation. 
''Absorbance at 405 nm x 10^. 
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Table 12. Whole blood lymphocyte blastogenesis at wk 6 (Experiment 2) 
Item 
Dietary treatments' 
CV-, % LL HL KIC HMB 
Background^ 781 615 829 812 44 
Adjusted counts'^ 
Con A 293 141 196 147 89 
PHA 480 244 265 260 80 
PWM 169 78 88 85 89 
WBC^ 1690 2021 1523 1437 59 
PLY, 82 82 86 84 6 
'Abbreviation for diets: LL= control, HL= high leucine, KIC= a-ketoisocaproate, 
HMB= fi-hydroxy-methyl-butyrate. 
^Coefficient of variation. 
^Background = cpm ^H-thymidine incorporation. 
''Adjusted counts = [cpm ^H-thymidine/(background*WBC*LYP)I*10^. Mitogens: Con A = 
concanavalin A (lO/zg/mL), PHA= phytohemagglutinin (5/xg/mL), PWM= pokeweed mitogen 
(5/ig/mL). 
'White blood cells in starting media (cells/well). 
^Percentage of lymphocytes in WBC. 
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Table 13. Effects of dietary treatments on pig growth performance (Experiment 3) 
Experimental treatments 
LEU - - + + 
Week DXM - + - + CV', % 
Average daily gain, g 
0 toT 431 398 313 361 19 
- Average daily feed, g 
Oto4" 577 595 414 535 21 
Gain/feed, g/kg -
0 to 4" 751 672 762 681 9 
'Coefficient of variation. 
"Leucine effect (P < .01). 
•"Dexamethasone effect (P < .01). 
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Table 14. Effects of experimental treatments on organ weights and organ appearance 
(Experiment 3) 
Experimental treatments 
LEU - - + + 
Organ DXM - + - + CV', % 
Weight^ 
Liver» 33.8 34.8 30.2 36.1 13 
Kidney® 6.4 6.7 6.1 7.3 13 
Spleen" 2.7 2.2 2.7 2.4 19 
Thymus'' 1.4 .8 1.3 .5 51 
Classification^ 
Thymus*' 1.2 2.5 1.0 2.8 49 
'Coefficient of variation. 
^Expressed in g organ weight/kg body weight. 
^Classification: 1= normal, 2= mildly hemorrhagic, 3= hemorrhagic, 4= very 
hemorrhagic, 5=severely hemorrhagic. 
"Dexamethasone effect (P < .05). 
•"Dexamethasone effect (P < .01). 
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Table 15. Effects of experimental treatments on plasma amino acids (Experiment 3) 
Experimental treatments 
LEU - - + + 
Item, mg/mL DXM - + - + CV', % 
Leucine®"'' 4.51 6.68 7.11 11.55 34 
Isoleucine® 2.96 3.49 2.04 1.94 37 
Valine®'® 2.75 4.44 1.80 2.21 45 
ESAA- 54.47 72.37 61.78 58.76 57 
NEAA^'C 62.79 59.10 64.52 48.07 23 
BCAA^-'' 10.22 14.61 10.95 15.69 26 
SAA- 7.10 6.83 6.34 6.25 75 
PUN-'*' 6.06 9.39 7.44 9.70 33 
'Coefficient of variation. 
^Abbreviations: ESAA= essential amino acids = arginine+histidine+isoIeucine+leucine+ 
lysine+methionine+cysteine+phenyalanine+tyrosine+threonine+tryptophan 4- valine, 
NE A A=nonessential amino acids = alanine+aspartic acid + asparagine+glycine+glutamic 
acid+serine, BCAA= branched chain amino acids=leucine+isoleucine+valine, SAA= sulfur 
amino acids = methionine^cystine+cysteine, PUN= plasma urea nitrogen. 
"Leucine effect (P < .01). 
''Dexamethasone effect (P < .01). 
•^Dexamediasone effect (P < .05). 
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Table 16. ELIS A results for IgG and IgM against KLH (Experiment 3) 
Experimental treatments 
LEU - - + + 
Week DXM - + - + CV', % 
Absorbance^ for IgG 
0 59 41 67 73 55 
1 125 114 95 78 62 
2 221 155 168 122 60 
3""'' 145 93 92 30 74 
4 110 70 86 48 76 
'Coefficient of variation. 
^Absorbance at 405 nm x 10^. 
"Leucine effect (P < .05). 
''Dexamethasone effect (P < .05). 
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Table 17. Isolated peripheral lymphocyte blastogenesis (Experiment 3) 
Experimental treatments 
LEU - - + + 
Week DXM - + - + CV', ' 
Background^ 427 491 634 659 70 
Total counts^ 
Con A" 2,827 5,289 2,735 4,609 53 
PHA 29,950 31,431 28,363 28,769 39 
PWM 20,210 18,912 19,991 15,724 44 
Stimulation index'* 
Con A 8 15 5 40 243 
PHA 76 93 55 191 171 
PWM 51 58 44 32 59 
'Coefficient of variation. 
^Background = cpm ^H-thymldlne incorporation. 
'Total counts = cpm 'H-thymidine incorporation. Mitogens: Con A= concanavaiin A (10 
/ig/mL), PHA= phytohemaggiutinin (5 /xg/mL), PWM= pokeweed mitogen (5 jug/mL). 
'^Stimulation index = cpm ^H-thymidine/background. 
•Dexamethasone effect (P < .05). 
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1. Dilute KLH in .1 M NaHCO] (.84 g/100 mL distilled H.O, pH=9.6). Antigen 
concentration used was 10 /xg/mL (10 mL diluted antigen needed per plate). 
2. Plates are incubated overnight at - 4°C or frozen for future use. 
3. Wash plates three times with TS buffer (.85 % NaCl .025% Tween 20 => 140.6 g 
NaCl + 8 mL Tween 20 in 16 ml distilled HoO). 
BLOCKING 
1. Block plates using 3 % skim milk in TS (20 mL/plate are needed). 
2. Incubate 30 min at 37°C. 
3. Wash three times with TS. 
INCUBATION WITH SERUM 
1. Add 100 jxL triplicates of plasma from each pig to each well. 
2. Incubate at 37°C for 2 h. 
3. Wash three times with TS and fill the wells with TS buffer, let it sit for 5 min 
and wash three times again. 
CONJUGATE INCUBATION 
1. Add alkaline phosphatase labelled conjugate, diluted in TS (1:1000). 
2. Incubate 1 h at 37°C. 
3. Wash three times with TS buffer. Let it sit 5 min with wells filled with TS and 
wash three times again. 
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DEVELOPING 
1. Dilute dry alkaline phosphatase substrate in 1 mg/mL in .05 M Na^Coi buffer + 
.001 M MgClz buffer (2.65 g Na^COi + .1 g MgCU in 500 mL distilled water). 
2. Add 100 piL well of diluted substrate. 
3. Incubate at 37°C for 100 min (time may vary). 
READ 
1, Use ELIS A reader with Mode 5 (405 nm). 
WHOLE BLOOD LYMPHOCYTE BLASTOGENESIS 
1. Bleed pigs (10 to 15 mL) from an orbital sinus onto heparinized tubes (Do not 
use EOT A because it chelates Ca and this ion is necessary for cell proliferation). 
2. Dilute whole blood 1:5 with RPMI-1640 with L-glutamine and 
penicillin/streptomycin (1 mL whole blood into 4 mL RPMI-1640, total 5 mL). 
3. Add 100 /iL per well of the dilution into a 96-well microliter plate. Since 
triplicates are used and 3 mitogens are evaluated, it takes 12 well per pig (1 row of the 
plate). 
4. Dilute mitogens to twice the desired concentration in media. This doubled 
dilution is done because there is 100 /xL of blood in the media already. The mitogens 
used were: Con A (20 ng/mL), PWM and PHA (10 /xg/mL). Add 100 nL of each 
mitogen to the corresponding well or 100 ixL of RPMI-1640 into the background control 
ones. 
5. Incubate the cells at 37°C with air with 5 % COi for 48 h. 
6. Pulse cells with 5 /iCi of ^H-thymidine and incubate for 7 h at the same 
conditions as described in #5. 
7. Harvest the plates onto microliter paper and let the filter dry for 24 h. 
8. Transfer each portion of the filter paper corresponding to each well in the plate to 
a vial and add 2 mL of scintiverse cocktail. Cap the tubes. 
9. Read radioactivity in a B-counter. 
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ISOLATED LYMPHOCYTE BLASTOGENESIS 
1. Dilute iieparinized blood with PBS (1:3). 
2. Layer 10 mL of the dilution onto 3 mL of Histopaque 1077 in 15 mL conical 
tubes (Takes about 1 h for 8 pigs). 
3. Centrifuges tubes at 1,500 rpm for 45 min. 
4. Collect the interface (buffy coat). 
5. Wash cells with PBS and centrifuge (1500 rpm, 15 min). 
6. Discard supernatant (PBS). 
7. Wash cells with RPMI-1640 (P/S, L-glutamine, HEPES). 
8. Discard supernatant (RPMI). 
9. Resuspend the cell solutions in 1.5 mL of RPMI. 
10. Count cell concentration with a Coulter cell counter and adjust to 2 x 10^ 
cells/mL (2 x 10^ cells/well). 
11. Lay 100 fiL of the cell solution onto each well in a 96-well U-bottom microtiter 
plate (Total wells/pig = 12 3 wells/mitogen and 3 for background). 
12. Proceed as in whole blood lymphocyte blastogenesis. 
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WHITE BLOOD CELL PREPARATION FOR FLOW CYTOMETRY ANALYSIS 
1. Bleed pigs from an orbital sinus an transfer the blood onto heparinized tubes. 
2. Add two 20 ixL aliquots per pig in a 96-well U-bottom microliter plate. 
3. Wash twice with PBS with 1 % FCS. Both blood and buffer should be at the 
same temperature, therefore either have the plates in the freezer for 1 h or the buffer at 
room temperature for 1 h. 
3.1. Add 20 (jlL of PBS onto the 20 ixL of blood and mix them well. 
3.2. Centrifuge the mixture in the plate at 1,500 rpm for 10 min. 
3.3. Discard the supernatant by a quick hand stroke. 
4. Lyse RBC with 175 /xL of 1:25 dilution of Immunolyse. Mix the cell suspension 
well by pipeting up and down the mixture with 25 /iL each time. 
5. Add 20 /[xL/well of 10 % paraformaldehide (from Kit) and mix thoroughly. 
6. Centrifuge (1,500 rpm, 10 min) the plate and discard the supernatant with quick 
hand strokes. 
7. Resuspend the cells with 200 ixL of PBS. 
8. Transfer suspension to snap cap tubes. 
90 
APPENDIX B. STATISTICAL ANALYSIS 
91 
Table B.l. Analysis of variace for growth performance (Experiment 1) 
Avg. daily gain, g Rep 7 5087 .81 
(0 to 5 wk) Trt 3 3207 .81 
Error 19 9909 
Total 29 
Avg. daily feed intake, g Rep 7 19223 .33 
(0 to 5 wk) Trt 3 5527 .79 
Error 19 15557 
Total 29 
Gain/feed, g/kg Rep 7 .0067 .24 
(0 to 5 wk) Trt 3 .0065 .27 
Error 19 .00457 
Total 29 
'Source of variation. 
^Degrees of freedom. 
^Mean square error. 
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Table B.2. Analysis of variance for plasma free amino acids (Experiment 1) 
Jim SYl d£ MSE2 P > F  
Leucine Rep 6 18.46 .06 
Trt 3 18.76 .07 
Error 12 1.86 
Total 21 
Isoleuclne Rep 6 3.41 .17 
Trt 3 24.63 ,15 
Error 12 1.86 
Total 21 
Valine Rep 6 13.69 .07 
Trt 3 12,82 .10 
Error 12 5,03 
Total 21 
'Source of variation. 
^Degrees of freedom. 
^Mean square error (mg/dL). 
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Table B.3. Analysis of variance for plasma free amino acids for Experiment 1 
(continued) 
SV' MSF.3 P > F  
Essential amino acids Rep 6 558 .04 
Trt 3 365 .15 
Error 12 170 
Total 21 
Non-essential amino acids Rep 6 10447 .07 
Trt 3 2905 .55 
Error 12 3946 
Total 21 
Branched chain amino acids Rep 6 92 .05 
Trt 3 95 .07 
Error 12 32 
Total 21 
Sulfur amino acids Rep 6 .38 .62 
Trt 3 .64 ,32 
Error 12 .50 
Total 21 
Plasma urea nitrogen Rep 6 1.78 .95 
Trt 3 5.95 .51 
Error 12 7.32 
Total 21 
'Source of variation. 
^Degrees of freedom. 
^Mean square error (mg/dL). 
Table B.4. Analysis of variance for immunoglobulin G+M (Experiment 1) 
Item RV' Hf2 MSF.3 P > F  
IgG+M wk 0 Rep 7 146 .17 
Trt 3 22 .86 
Error 19 87 
Total 29 
IgG+M wk 1 Rep 7 2563 .33 
Trt 3 2187 .39 
Error 19 2063 
Total 29 
IgG+M wk 2 Rep 7 65626 .53 
Trt 3 32166 .73 
Error 19 73171 
Total 29 
IgG + M wk 3 Rep 7 39606 .84 
Trt 3 41880 .69 
Error 18 83863 
Total 28 
IgG + M wk 4 Rep 7 16480 .38 
Trt 3 21913 .24 
Error 18 14285 
Total 28 
'Source of variation. 
^Degrees of freedom. 
^Mean square error (Absorbance at 405 nm x l(P). 
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Table B.5. Analysis of variance for immunoglobulin G+M for Experiment 1 (continued) 
-JtfiJD SY! d£ MSE2 P>F 
IgG + MwkS Rep 7 21372 .14 
Trt 3 12203 .39 
Error 19 11614 
Total 29 
IgG + M wk 6 Rep 7 28853 .55 
Trt 3 28665 ,43 
Error 18 29978 
Total 28 
IgG + M wk 7 Rep 7 26850 .59 
Trt 3 9583 .83 
Error 19 32973 
Total 23 
'Source of variation. 
^Degrees of freedom. 
^Mean square error (Absorbance at 405 nm x 10^). 
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Table B.6. Analysis of variance for lymphocyte blastogenesis at wk 2 (Experiment 1) 
Background, cpm Rep 7 107354 .06 
Trt 3 53323 .33 
Error 19 43422 
Total 29 
Concanavalin A, adj. cpm Rep 7 ,026 .02 
Trt 3 .012286 .23 
Error 18 .007738 
Total 28 
Phytohemagglutinin, adj. cpm Rep 7 .0998 .51 
Trt 3 .109387 .41 
Error 18 .1085936 
Total 28 
Pokeweed mitogen, adj. cpm Rep 7 .00005 .29 
Trt 3 .00003247 ,47 
Error 18 .00003674 
Total 28 
White blood cells, cells/well Rep 7 503299 .93 
Trt 3 920213 ,62 
Error 19 1535309 
Total 29 
Lymphocytes, % Rep 7 37 .62 
Trt 3 40 .49 
Error 18 47 
—Total 9R 
'Source of variation. 
^Degrees of freedom. 
^Mean square error. 
97 
Table B.7. Analysis of variance for lymphocyte blastogenesis at wk 5 (Experiment 1) 
Item jUI MSFf P > F  
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'Source of variation. 
^Degrees of freedom. 
^Mean square error. 
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Table B.8. Analysis of variance for lymphocyte blastogenesis at wk 10 (Experiment 1) 
Background, cpm Rep 7 108250 .55 
Trt 3 50019 .75 
Error 9 121738 
Total 19 
Concanavalin A, adj. cpm Rep 7 .054 .86 
Trt 3 .012 .96 
Error 9 .125 
Total 19 
Phytohemagglutinin, adj. cpm Rep 7 .112 .52 
Trt 3 .067 .65 
Error 9 .118 
Total 19 
Poiceweed mitogen, adj. cpm Rep 7 .0369 .16 
Trt 3 .004 .87 
Error 9 .018379 
Total 19 
White blood cells, cells/well Rep 7 1064792 .06 
Trt 3 475243 .31 
Error 9 344191 
Total 19 
Lymphocyte, % Rep 7 36.87 .72 
Trt 3 7.73 .94 
Error 9 58.10 
-Tnral IQ 
'Source of variation. 
^Degrees of freedom. 
^Mean square error. 
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Table B.9. Analysis of variace for growth performance (Experiment 2) 
Item SV' c\f ,9PM3 P > F  
Avg. daily gain, g Rep 4 .004 .008 
(0 to 6 wk) Trt 3 .0007 .37 
Error 12 .0006 
Total 19 
Avg. daily feed intake, g Rep 4 .03 .0001 
(0 to 6 wk) Trt 3 .003 .28 
Error 12 .002 
Total 19 
Gain/feed, g/kg Rep 4 .004 .0001 
(0 to 6 wk) Trt 3 .0002 .32 
Error 12 .0002 
Total 19 
'Source of variation. 
^Degrees of freedom. 
^Mean square error. 
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Table B. 10. Analysis of variance for plasma free amino acids (Experiment 2) 
Itfim .«5V' df MSPS P > F  
Leucine Rep 4 3.79 .72 
Trt 3 58.54 .003 
Error 12 7.17 
Total 19 
Isoleucine Rep 4 2.31 .24 
Trt 3 24.63 .0001 
Error 12 1.45 
Total 19 
Valine Rep 4 8.11 .09 
Trt 3 40.62 .0004 
Error 12 3.13 
TotRl 19 
'Source of variation. 
^Degrees of freedom. 
^Mean square error (mg/dL). 
Table B.ll, Analysis of variance for plasma free amino acids for Experiment 2 
(continued) 
Ttem sv' d f - MSF.3 P > F  
Essential amino acids Rep 4 171 .61 
Trt 3 72 .83 
Error 12 246 
Total 19 
Non-essential amino acids Rep 4 115 .53 
Trt 3 269 .18 
Error 12 139 
Total 19 
Branched chain amino acids Rep 4 34 .37 
Trt 3 44 .25 
Error 12 29 
Total 19 
Sulfur amino acids Rep 4 .71 .41 
Trt 3 .66 .43 
Error 12 .66 
Total 19 
Plasma urea nitrogen Rep 4 2.01 .09 
Trt 3 3.44 .03 
Error 12 .77 
Total 19 
'Source of variation. 
^Degrees of freedom. 
^Mean square error (mg/dL). 
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Table B.12. Analysis of variance for immunoglobulin G (Experiment 2) 
Jïsm SAd d£ MSE2 p>f 
IgG wk 0 Rep 4 54 .02 
Trt 3 6 .72 
Error 12 12 
Total 19 




















































'Source of variation. 
^Degrees of freedom. 
^Mean square error (Absorbance at 405 nm x 10^). 
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Table B.13. Analysis of variance for immunoglobulin M (Experiment 2) 
IgM wk 0 Rep 4 1297 .03 
Trt 3 228 .58 
Error 12 337 
Total 19 
IgM wk 1 Rep 4 16592 .22 
Trt 3 1539 .92 
Error 12 9916 
Total 19 
IgM wk 2 Rep 4 2843 .91 
Trt 3 7810 .60 
Error 12 11978 
Total 19 
IgM wk 3 Rep 4 1780 .67 
Trt 3 589 .90 
Error 12 2995 
Total 19 
IgM wk 4 Rep 4 386 .69 
Trt 3 277 .75 
Error 12 672 
Total 19 
'Source of variation. 
^Degrees of freedom. 
^Mean square error (Absorbance at 405 nm xlCP). 
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Table B.14. Analysis of variance for lymphocyte blastogenesis (Experiment 2) 
Item P > F  
Background, cpm Rep 4 399407 .04 
Trt 3 47996 .74 
Error 12 113559 
Total 19 
Concanavalin A, adj. cpm Rep 4 .004 .69 
Trt 3 .006 .51 
Error 12 .007 
Total 19 
Phytohemagglutinin, adj. cpm Rep 4 .009 .68 
Trt 3 .016 .42 
Error 12 .016 
Total 19 
Pokeweed mitogen, adj. cpm Rep 4 .001 .66 
Trt 3 .002 .40 
Error 12 .003 
Total 19 
White blood cells, cells/well Rep 4 80730 .72 
Trt 3 53322 .79 
Error 12 154590 
Total 19 
Lymphocytes, % Rep 4 16 .66 
Trt 3 19 .56 
Error 12 26 
Total IQ 
'Source of variation. 
"Degrees of freedom. 
'Mean square error. 
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Table B.15. Analysis of variance for growth performance (Experiment 3) 
Itftm SV' c\f P > F  
Average daily gain, g Leu 1 .05 .002 
(0 to 4 wk) Dex 1 .0005 .76 
Leu*Dex 1 .015 .09 
Error 32 .005 
Total 35 
Average daily feed intake, g Leu 1 .112 .004 
(0 to 4 wk) Dex 1 ,04 .07 
Leu*Dex 1 .024 .17 
Error 32 .012 
Total 35 
Gain/feed, g/kg Leu 1 .0009 .64 
(0 to 4 wk) Dex 1 .06 .0008 
Leu*Dex 1 .00001 .96 
Error 32 .004 
Total IS 
'Source of variation. 
^Degrees of freedom. 
^Mean square error. 
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Table B.16. Analysis of variance for organ weights and organ classification 
(Experiment 3). 
îtRm sV âf P > F  
Liver Leu 1 .119 .43 
Dex 1 1.043 .02 
Leu*Dex 1 .54 .10 










Leu*Dex 1 .017 .14 
Error 32 .008 
Total 35 
Spleen Leu 1 .0007 .60 
Dex 1 .016 .02 
Leu*Dex 1 .0012 .47 
Error 32 .002 
Total 35 
Thymus Leu 1 .005 .17 
Dex I .04 .0003 
Leu*Dex 1 .002 .38 
Error 32 .003 
Total 35 
'Source of variation. 
^Degrees of freedom. 
^Mean square error (g of organ weight/kg of body weight). 
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Table B.17. Analysis of variance for thymus classification 
(Experiment 3). 
ItPm .9V' Hf2 P > F  
Thymus classification Leu 1 . i l l  .73 
Dex 1 21.78 .0001 
Leu*Dex 1 .44 .49 
Error 32 .92 
Tfitfll IS 
'Source of variation. 
"Degrees of freedom. 
^Mean square error (1= normal to 5= severely hémorragie). 
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Table B.18. Analysis of variance for plasma free amino acids (Experiment 3) 




















































'Source of variation. 
"Degrees of freedom. 
^Mean square error (mg/dL). 
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Table B.19. Analysis of variance for plasma free amino acids for Experiment 3 
(continued) 
Item -dir. MSEL 
Essential amino acids 
Non-essential amino acids 
Branched chain amino acids 
Sulfur amino acids 






































































'Source of variation. 
^Degrees of freedom. 
^Mean square error (mg/dL). 
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Table B.20. Analysis of variance for immunoglobulin G (Experiment 3) 
IgG wk 0 Leu 1 3520 .08 
Dex 1 336 .58 
Leu*Dex 1 1225 .30 
Error 32 1093 
Total 35 
IgG wk 1 Leu 1 9702 . 1 3  
Dex 1 1750 .52 
Leu*Dex 1 72 .89 
Error 32 4062 
Total 35 
IgG wk 2 Leu 1 17030 .20 
Dex 1 28505 .10 
Leu*Dex 1 851 .77 
Error 32 9981 
Total 35 
IgG wk 3 Leu 1 30160 .01 
Dex 1 28900 .02 
Leu*Dex 1 196 .83 
Error 32 4424 
Total 35 
IgG wk 4 Leu 1 4647 .26 
Dex 1 13417 .06 
Leu ""Dex 1 17 ,94 
Error 32 3522 
Total 35 
'Source of variation. 
^Degrees of freedom. 
^Mean square error (Absorbance at 405 nm x 10^). 
I l l  
Table B.21. Analysis of variance for lymphocyte blastogenesis (Experiment 3) 
Background, cpm Leu 1 210375 .25 
Dex 1 11748 .78 
Leu*Dex 1 2301 .90 
Error 20 150895 
Total 23 
Concanavalin A Leu 1 695 .53 
Stimulation index, cpm Dex 1 2536 .24 
Leu*Dex 1 1199 .41 
Error 20 1697 
Total 23 
Phytohemagglutinin Leu 1 9081 .60 
Stimulation index, cpm Dex 1 34952 .31 
Leu*Dex 1 21567 .42 
Error 20 31574 
Total 23 
Pokeweed mitogen Leu 1 1663 .15 
Stimulation index, cpm Dex 1 24 .86 
Leu*Dex 1 545 .40 
Error 20 733 
Tnfal 21 
'Source of variation. 
^Degrees of freedom. 
^Mean square error. 
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APPENDIX C. SUMMARY TABLES 
Table C. 1. Effects of different macronutrients on immune response in pigs 
Nutrient Reference 
ENERGY No studies 
PROTEIN AND AA 
Protein Haye et al., 1981 
Mc Gillivray, 1967 
Lysine and threonine Cuaron et al., 1984 
FAT 
Fish oil and animal fat Fritsche and Huang, 1990 
Sunflower oil Babinzky et al., 1991 
Soybean oil, tallow and lard Yen et al., 1992 
Effects 
Sequence of dietary protein concentrations in gestation and 
lactation caused no effects on antibody response. 
Protein concentrations from 0 to 35 % in weanling pigs 
caused linear increase in antibody response. 
Threonine, not lysine was the first limiting AA for IgG 
production in first litter gilts. 
No detrimental effects on young pig humoral immune 
response. 
Feeding sow with diets including sunflower oil did not cause 
effects on immune response. 
No effects on immunological criteria studied. 
Table C.2. Effects of different vitamins on immune response in pigs. 
Nutrient Reference Effects 
Vitamin A Harmon et al., 1963 Low levels of vitamin A lowered response to antigen 
challenge to Salmonella pullorum. 
B-carotene Chew et al., 1991a,b B-carotene concentrates in lymphocytes longer than it does in 
other blood cells or plasma. 
Vitamin E Larsen and Tollersrud, 1981 Stimulatory effects on the immune system. 
Peplowski et al., 1989 Immunostimulatory effects. 
Bonnette et al., 1990a,b No effects on humoral and cellular immune response in 
growing pigs. 
«-tocopherol acetate Dove and Ewan, 1991 No effects of supplementation on antibody in growing pigs. 
Vitamin C Yen and Pond, 1987 No immunostimulatory effects. 
Biotin Kornegay et al., 1989 Increased levels of biotin resulted in quadratic effects in 
humoral and cellular immune response. 
Panthotenic acid Harmon et al., 1963 Lower antibody titers against Salmonella pullorum. 
Pyridoxine Harmon et al., 1963 Lower antibody titers against Salmonella pullorum. 
Riboflavin Harmon et al., 1963 Lower antibody titers against Salmonella pullorum. 
Table C.3. Effects of different minerals on immune response in pigs. 
Nutrient Reference Effects 
Copper Kornegay et al., 1989 Cu supplementation caused no effects on antibody production 
in weanling or growing pigs. 
Dove and Ewan, 1991 Cu supplementation caused no effects on antibody production 
in weanling or growing pigs. 
Iron Osborne and Davis, 1968 Iron increased susceptibility to bacterial endotoxin. 
Sells, 1991 No effects on cellular and humoral immune response. 
Selenium Teige et al., 1984 Plays a role in intestinal immunity against Treponema 
hyododisenterie. 
Zinc Miller et al., 1968 Zinc deficiency caused severe decrease in growth 
performance and moderate decrease in percentage lymphocytes 
and moderate increase in immune response. 
Table C.4. Effects of LEU on immune function 
Nutrient Species Reference Effects 
LEU excess Rats 
LEU excess Chickens 
LEU (.05%) Lambs 
Chevalier and Aschkenasy, 1977 
Tinker and Gous, 1985 
Kuhlman, 1987 
Detrimental effects on plaque and 
rosette forming cells. Decrease in 
hemagglutinins, hemolysins, thymus 
weight and spleen weight. 
Decreased IgG and IgM response to 
heterologous red blood cells. 
Decreased hemagglutination of porcine 
red blood cells. 
LEU in vitro Nonnecke et al., I991a,b Necessary for lymphoproliferation and 
IgM production to PWM stimulation. 
Table C.5. Effects of ILE and VAL on immune function 
Nutrient Species Reference Effects 
VAL deficiency Rats 
VAL deficiency Mice 
VAL deficiency Mice 




Jose and Good, 1973 
Petro and Bhattacharjee, 1981 
Petro and Bhattacharjee, 1981 
Jose and Good, 1973 
Aschkenasy, 1975, 1979 
Detrimental for lymphopoiesis and 
Decreased antibody titers in digestive 
tract. 
Increased susceptibility to Salmonella 
thiphymurium. 
Increased susceptibility to Salmonella 
thyphymurium. 
Supplement to diets with excess 
leucine increased immune response. 
VAL Rats 
VAL deficiency Chickens 
Jose and Good, 1973 
Aschkenasy, 1975, 1979 
Bhargava, 1970 
Supplement on diets with excess 
leucine increased immune response. 
Decreased resistance against 
Newcastle virus disease. 
Table C.6. Effects of LEU metabolites on immune function in vivo 










Nissen et al., 1986 
Flakoll et al., 1987 
Kuhlman et al-, 1991 
Tayllerand, 1993 
Increased immune response against 
porcine RBC. 
In vitro increase lymphocyte 
blastogenesis. 
Change in lymphocyte subsets. 
No effects of supplementation in 
response to porcine RBC. 
Cycloleucine humans Rosenthale et al., 1972 Immunosuppression. 
Table C.7. Effects of LEU metabolites on immune function in vitro 
Nutrient Species Reference Effects 
HMB in vitro (ovine) Kuhlman, 1989 Increase proliferative response 
(100%). 
BOHB in vitro (ovine) Kuhlman, 1989 Increase proliferative response (50%). 
KIC in vitro (bovine) Nonnecke et al., 1991a,b Replaced leucine for IgM production 
to PWM stimulation. 
HMB in vitro (bovine) Nonnecke et al., 1991a,b Partially replaced leucine for IgM 
production to PWM stimulation. 
HMG in vitro (bovine) Nonnecke et al., 1991a,b Partially replaced leucine for IgM 
production to PWM stimulation. 
Acetate in vitro (bovine) Franklin et al., 1991 Did not alter lymphocyte 
proliferation. 
Acetoacetate in vitro (bovine) Franklin et al., 1991 Did not alter lymphocyte 
proliferation. 
LEU dehydrogenase in vitro (humans) Chuang et al., 1990 Decreased lymphocyte proliferation by 
20%. 
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APPENDIX D. FIGURES 
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L L  - + - H L  - ^ K I C  - ^ H L C  
o 1 2 3 4 S 6 7 8 
week after KLH cha/ienge 
Figure D.l. Absorbance for IgG+M against KLH (Experiment 1). Abbreviations 
for treatments: LL: low leucine, HL: high leucine, KIC: a-ketoisocaproate and HLC: 
high leucine (corn diets). 
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3 5 1 2 4 O 
week after KLH challenge 
Figure D.2. Absorbance for IgG against KLH (Experiment 2). Abbreviations for 
treatments: LL: low leucine, HL: high leucine, KIC: a-ketoisocaproate and HMB; B-
hydroxy-methyl-butyrate. 
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- ^ L L  - ^ - H L  ^ K I C  HMB 
o 1 2 3 4 5 
week after KLH cha//enge 
Figure D.3. Absorbance for IgM against KLH (Experiment 2). Abbreviations for 
treatments: LL: low leucine, HL: high leucine, KIC: a-ketoisocaproate and HMB: li-
hydroxy-methyl-butyrate. 
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o 1 3 5 2 4 
week after KLH chal/enge 
* Leuc/no (P<.05) 
Dexamethasone (P<.05) 
Figure D.4. Absorbance for IgG against KLH (Experiment 3). Abbreviations for 
experimental treatments: Control: no leucine and no dexamethsone; Leu: high leucine, 




LEU along with VAL and ILE are BCAA that belong to the aliphatic amino acids 
group. There is an antagonism among those amino acids in most animal species. The 
effect of LEU excess on pig growth performance has been widely studied and recognized 
not to be detrimental. Research conducted with rats, broiler chickens and growing lambs 
has showed that LEU excess of different magnitudes may be detrimental for several 
criteria of immune function. In contrast, LEU catabolites such as KIC and HMB have 
proven to have immune stimulatory effects in ruminants. To my knowledge research to 
assess the effects of LEU excess on immune function has not been conducted on pigs. 
Pigs are normally fed practical diets with excess content of LEU and are subjected to 
stressful conditions at weanling that have a negative impact in their immune function. At 
that age their immune system is not completely developed and as a consequence they are 
very susceptible to different pathogen organisms. Therefore, a series of experiments 
were conducted to investigate if dietary LEU and its catabolites KIC and HMB could 
have a detrimental or stimulatory effect on weanling pigs immune response. Results 
from this research indicate that LEU levels encountered in practical corn-soybean-dried 
whey diets are likely not to be detrimental to growth and immune response. Dietary KIC 
and HMB supplementation at the concentrations used in our experiments was not 
beneficial to the immune response. However, higher LEU levels than those encountered 
in practical diets and thought not to be detrimental to growth caused a depression in both 
growth and humoral immune response. Caution must be exercised when interpreting 
those results because a limited number of immune assays were conducted. 
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